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ANEXO. Otras publicaciones de la Doctoranda relacionadas con 







para  interactuar  con  sistemas  biológicos  y  resolver  problemas muy  diversos  en  el  área  de 
Biomedicina. 
En  la  presente  Tesis  Doctoral titulada "Hidroxiapatitas  y  nanopartículas  de  óxido  de  
grafeno:  Respuesta  celular  y  aplicación  biomédica”, se  analizan  a  nivel  celular  los  efectos  
de  dos  tipos  de  materiales  con  fines  biomédicos muy  diferentes:  a)  hidroxiapatitas  para 
regeneración  ósea  y  tratamiento  de  osteoporosis  y  b)  nanopartículas  de  óxido  de  











con  el  componente mineral  del  hueso  y  a  sus  propiedades  osteoconductivas,  ocupan  una 
posición  clave  con  respecto  a  otras  biocerámicas.  Como  alternativa  prometedora  para  la 
restauración de defectos óseos, en la presente Tesis Doctoral se ha evaluado el efecto del factor 
de  crecimiento  fibroblástico básico  (FGF‐2) unido  a  SiHA  como  inductor de  los procesos de 
osteogénesis y angiogénesis. Asimismo, se han investigado los efectos de nano‐HA y nano‐SiHA 











2  immobilized on  Si‐doped hydroxyapatite  in osteoblastic  cells. Acta Biomaterialia 8: 2770‐
2777, 2012. 
‐ Matesanz MC, Feito MJ, Oñaderra M, Ramírez‐Santillán C, daCasa C, Arcos D, Vallet‐Regí M, 





Todos  estos  estudios  indican  el  elevado  potencial  de  nano‐SiHA  como  biomaterial 
biocompatible para la combinación con factores de crecimiento así como para la modulación del 
remodelado  óseo,  previniendo  la  resorción  y  estimulando  la  formación  de  hueso,  lo  que  le 














de  este  nanomaterial  y  su  localización  intracelular,  así  como  los  efectos  que  distintos 















tras su incorporación, su localización intracelular, así como la importancia de la elección  de  las  
condiciones  adecuadas  de  tiempo  y  potencia  de  exposición  a  luz  NIR  para  controlar el tipo 











In  this  PhD  Thesis entitled "Hydroxyapatites and graphene oxide nanoparticles:  Cell 
response and biomedical application”, the  effects  of  two  materials  with  very  different 
biomedical application are studied at the  cellular  level:  a)  hydroxyapatites  for  bone  tissue  
regeneration  and  osteoporosis   treatment   and   b)   graphene   oxide   nanosheets   for  
osteosarcoma  treatment  by hyperthermia. 
CHAPTER I 
 The  increase  in  life  expectancy  results  in  a  higher  prevalence  of  age‐related  bone 
diseases, such as osteoporosis, caused by  the  imbalance  in  tissue remodelling which  induces 
bone mass loss and bone microsestructure degeneration, with higher fracture risk that greatly 
drecreases  the  life  quality.  For  this  reason,  there  is  a  great  demand  of  biomaterials  for 
prevention and local treatment of osteoporotic fractures.  
Silicon‐substituted hydroxyapatite  (SiHA) arouses a great  interest because of the role 
this  element  carries  out  in  bone  calcification  and  the  bioactive  behaviour  of  this material. 































Osteosarcoma  is  a  pathology  that,  in  spite  of  not  exhibiting  a  high  prevalence  in 
population,  is  of  great  interest  because  it  is  suffered  mainly  by  teenagers.  The  use  of 
nanoparticles to  induce hyperthermy as an alternative to chemotherapy and radiotherapy,  is 
recently being widely studied for the treatment of this tumor. More specifically, graphene oxide 
nanoparticles  (nano‐GO) show a great potential  for  their biomedical application  in  this area, 
because of  their unique structure properties, specially their ability to induce hyperthermia when 
they are exposed to near  infrared  irradiation (NIR), which  is not  invasive,  innocuous and that 
penetrates the skin. This fact could induce the local increase of temperature on the material and 
subsequently,  cell death, once nano‐GO  is  internalized by  tumoral  cells.  In  the  current PhD 
Thesis, the study of the nano‐GO incorporation kinetics in different cell types, the bicompatibility 
evaluation of  this material and  its  intracellular  localization, as well as  the effect of different 
fotothermia treatments designed with this nano‐GO on human Saos‐2 osteoblasts derived from 
osteosarcoma have been carried out.  















laser  power  conditions  in  order  to  control  cell  death,  reducing  the  secondary  effects  for  its 
potential use in local osteosarcoma treatment.  









para  interactuar  con  sistemas  biológicos  y  resolver  problemas muy  diversos  en  el  área  de 
Biomedicina. Esta ciencia, por su carácter multidisciplinar, requiere actualmente la participación 
de  investigadores  especializados  en  los  campos  de Medicina,  Biología,  Química,  Ingeniería 
Tisular y Ciencia de Materiales. 
El uso de materiales con fines clínicos se remonta a casi 10000 años y es tan antiguo 
como  la Medicina.  En  el  3000  a.C.  los  egipcios  ya  usaban materiales  como  implantes.  Las 









entonces  la  técnica  quirúrgica  aséptica,  reduciendo  los  procesos  de  infección.  En  1886,  el 
cirujano alemán H Hansmann empleó por primera vez placas de acero para  la reparación de 
fracturas óseas. En 1893, WA Lane desarrolló un sistema de tornillos de carbón para placas de 
fijación  de  fractura  de  huesos.  Dos  años  más  tarde,  W  Roentgen  descubrió  los  rayos  X, 
facilitando el proceso de diagnóstico en ortopedia y traumatología. 
Ya en el siglo XX se comenzó a trabajar con acero inoxidable por ser más resistente a la 
corrosión  y presentar mejores propiedades mecánicas que  los metales.  En  1928, A  Fleming 
descubrió la penicilina, esencial para evitar los procesos infecciosos postoperatorios y mejorar 
el éxito de  cualquier  implante. Tras  la  I Guerra Mundial  comenzaron a desarrollarse nuevos 
materiales metálicos, cerámicos y poliméricos. Estos materiales  inertes, que clásicamente se 
habían  utilizado  para  la  industria  del  automóvil  y  aplicaciones  electrónicas,  empezaron  a 










sistemática y planificada de  los materiales útiles para  la  fabricación de prótesis e  implantes, 
como  consecuencia  principalmente  del  enorme  aumento  de  su  demanda  producida  por  la 
necesidad de rehabilitar a los inválidos de guerra. Este acontecimiento histórico trajo consigo el 
desarrollo de  esta  área de  investigación.  Por  ejemplo,  se observó que  los  soldados heridos 
toleraban  las  partículas metálicas  incluidas  en  su  cuerpo,  justificando  el  uso  de  implantes 
metálicos para traumatismos craneales o para  la  fijación  interna de  fracturas. También pudo 
observarse en pilotos de guerra con  inclusiones oculares de astillas de poli(metilmetacrilato), 




mejor  conocimiento  de  los  procesos  biológicos  desencadenados  como  consecuencia  del 




en  1969,  marcando  el  punto  de  partida  de  la  necesaria  integración  de  disciplinas 
complementarias a  la  Ingeniería y a  la Medicina para el desarrollo de materiales biomédicos. 
Hasta ese momento el papel principal en el empleo de biomateriales lo habían desempeñado 
los  cirujanos,  pero  en  esa  década  cobró  cada  vez más  importancia  la  participación  de  los 
ingenieros. Esto permitió el desarrollo de técnicas para caracterizar la estructura y la superficie 
de los materiales, con la finalidad de correlacionarlas con las respuestas biológicas observadas. 
También se  incorporó el uso de materiales cerámicos para el  reemplazo de  tejido óseo y se 
desarrolló el estudio de materiales compuestos. 
La comunidad científica relacionada con este campo se agrupó en diversas sociedades, 




ido  evolucionando  en  paralelo  con  el  desarrollo  de  nuevos  biomateriales  diseñados  con 
aplicaciones muy  diversas.  En  1999  la  Sociedad  Europea  de  Biomateriales  los  define  como 





parte de un  sistema  complejo, pueda dirigir, mediante el  control de  las  interacciones de  los 
sistemas vivos, el curso de cualquier procedimiento terapéutico o diagnóstico, tanto en Medicina 
como en Veterinaria” [Williams DF 2009, Biomaterials]. 
Biocompatibilidad es  la característica   que distingue a  los biomateriales de cualquier 
otro  tipo  de materiales  y,  aunque  inicialmente  se  refería  a  la  ausencia  de  toxicidad  de  un 











combinar  estos  biomateriales  con  células  y  moléculas  bioactivas  que  permitan  mejorar  y 
reemplazar las diversas funciones biológicas del tejido afectado.  
La  Ingeniería de Tejidos es un área multidisciplinar que combina  los principios de  la 
Ingeniería,  la Física y  las Ciencias de  la vida con el  fin de desarrollar sustitutos biológicos de 
tejidos u órganos dañados que  reparen,  reemplacen o mejoren  la  función biológica perdida 
debido a anomalías congénitas, lesiones traumáticas, enfermedades o envejecimiento [Langer 
R 1993, Science]. El diseño de biomateriales para Ingeniería de Tejidos debe tener en cuenta los 













En  los  últimos  años  han  despertado  gran  interés  los  materiales  de  dimensiones 
nanométricas. En el caso de los de aplicación ósea, los fosfatos cálcicos que componen dientes 
y huesos son nanodimensionales y nanocristalinos, por lo que el uso de este tipo de materiales 
puede  ser  óptimo  para  mimetizar  las  condiciones  del  hueso  in  vivo  [Dorozhkin  SV  2009, 
Materials].  




en  el  orden  de  los  100  nm  o  por  debajo  de  este  valor”  (European  Commission,  Scientific 
Committee on Emerging and Newly Identified Health Risks, SCENIHR, 2007). En este contexto, se 







la  mejora  frente  a  los  procesos  de  fricción  y  desgaste  asociados  al  reemplazamiento  de 
articulaciones, al ser más fuertes las nanobiocerámicas que las biocerámicas de mayor tamaño 
[Catledge SA et al. 2002, J Nanosci and Nanotechno]. 
La gran  importancia de  los nanomateriales  se debe a  las propiedades únicas que  les 




un  alto  poder  de  difusión,  especialmente  a  temperaturas  altas,  una  agregación  de  las 
nanopartículas para formar partículas más grandes y una mayor solubilidad [Dorozhkin SV 2009, 
Materials]. Los nanomateriales poseen  también propiedades ópticas, mecánicas, eléctricas y 
magnéticas  diferentes  de  los materiales  de  la misma  composición  pero  de mayor  tamaño 
[Rempel AA 2007, Russ Chem Rev]. Por otra parte, los nanomateriales utilizados en aplicaciones 


















Los metales han sido utilizados desde  tiempos antiguos ya sea para  la  fabricación de 
























Tras  la  implantación  se pueden producir una  serie de  respuestas  tisulares  adversas, 


















de  primera  generación  como  la  alúmina  y  la  zirconia,  empleadas  para  fabricar  cabezas 
femorales de  prótesis  de  cadera  [Arcos  D  2013,  Acta  Materialia].  Estos materiales presentan  
buenas  propiedades  mecánicas y resistencia a la corrosión. Por su buena biocompatibilidad son 









de  materiales  no  provocan  la  formación  de  una  cápsula  fibrosa  alrededor,  ni  respuesta  
inflamatoria  o  toxicidad  [Hench  LL  1991,  J  Am  Ceram  Soc; Castner RG et al. 2002, Surface 
Science].   Su   alta   reactividad   da   lugar   a productos de  reacción que cristalizan en una  fase 
similar a la apatita, análoga al componente mineral  del  hueso,  que  a  su  vez  permite  la  unión  
de  proteínas  que  favorecen  la  adhesión  y  proliferación  celular  (osteoconducción), dando 
lugar  a  una  unión  fuerte  entre  el  implante  y  el  hueso  (osteointegración)  con  formación  de 
nuevo  tejido óseo  [Anselme K 2000, Biomaterials] Esta característica hace que se empleen en 
procesos de reparación periodontal y formación ósea [Arcos D et al.2013, Acta Materialia].  
Dentro  de  las  cerámicas  bioactivas  se  encuentran  las  hidroxiapatitas  y  los  vidrios 
bioactivos basados en sílice. Aunque ambos tipos se consideran cerámicas bioactivas, se debe 
tener  en  cuenta  que  el  grado  de  bioactividad  no  es  el mismo,  ya  que  éste  depende  de  su 
composición y estructura, resultando  la reactividad de  la hidroxiapatita mucho menor que  la 
que presentan los vidrios bioactivos. 
‐ Hidroxiapatitas 






















Las  CHA  pueden  ser  clasificadas  en  tipo‐A  o  tipo‐B  en  función  del  lugar  donde  se 
posicione el anión carbonato. Estas apatitas presentan menor tamaño de cristal y mayor área 













  Las  nano‐HA  presentan  una mayor  rugosidad  de  superficie  y  poros  individuales  de 
menor tamaño que la HA [Webster TJ et al. 2000, J Biomed Mater Res], lo que estimula la función 
osteoblástica y mejora la osteoinducción [Sato M et al. 2004, Expert Rev Med Devic]. 




















titanio  a 1163˚K.  Existen otras maneras de obtener  recubrimientos de materiales metálicos 
como  la  deposición  física  de  vapor  (PVD),  deposición  química  de  vapor  (CVD),  deposición 
electroforética  o  deposición  de  láser  pulsada  (PLD).  Según  el  método  utilizado  se  puede 
controlar en menor o mayor grado el grosor del  recubrimiento y  la cristalinidad de  las  fases 
[Vallet‐Regí M et al. 2011, Advanced Materials].  
  Otra de  las aplicaciones de  las hidroxiapatitas es su utilización como componente de 











La  HA  ha  sido  recientemente  utilizada  para  reforzar  andamios  preparados  con 
hidrogeles como agarosa o gelano, empleados por su capacidad para cargar y liberar diferentes 
moléculas, conservando estos andamios las propiedades microestructurales y texturales de la 
HA  y  su  funcionalidad  [Cabañas MV  et al. 2014, Mat Chem Phys, ANEXO].    Los  cristales de 
apatita, del mismo orden de magnitud que  los del hueso, quedan embebidos en una matriz 
tridimensional polisacarídica que recuerda a la matriz extracelular y protege a las moléculas de 
la  degradación  enzimática  in  vivo.  En  este  estudio  el  método  de  conformado  permite 
monitorizar el tamaño de poro del andamio con el objetivo de mimetizar la estructura jerárquica 
del hueso, lo que facilita la colonización celular, vascularización e intercambio de nutrientes. La 


















biocompatibilidad y a  los efectos biológicos positivos observados tras  la  implantación [Vallet‐
Regí M et al. 2003, Eur J Inorg Chem; Verrier S et al. 2004, Biomaterials].  
Los vidrios bioactivos han sido ampliamente estudiados para procesos de regeneración 









osteogénicos  a  estos  materiales  para  la  preparación  de  andamios  tridimensionales  para 
Ingeniería Tisular [Vallet‐Regí M et al. 2011, Advanced Materials]. 









de nuevo  tejido óseo  en  las  irregularidades del mismo. Debido  a  su  elevada  reactividad,  el 
principal problema que presentan estas cerámicas es el mantenimiento de la estabilidad en la 






  Dentro de  las  cerámicas  reabsorbibles  el  fosfato  tricálcico o TCP  es el material más 
representativo, y más concretamente el β‐TCP. Este material se emplea en clínica cuando se 
desea una reabsorción del mismo en un periodo de 4‐6 meses, como en casos de reparación de 













o BCP, donde a medida que aumenta  la  fase  β‐TCP disminuye el promedio Ca/P. Este es el 
método de obtención de BCP más  común en  la actualidad  [Arcos D 2014, Bioceramics with 
clinical applications, Chapter 3]. Estudios in vitro muestran la capacidad de fibroblastos murinos 







pocas  semanas, mientras  que  la  HA  estequiométrica  (ratio  1,67)  puede  permanecer  en  el 
organismo durante varios años. Valores de Ca/P  inferiores a 1  son  considerados demasiado 
solubles y ácidos como para ser implantados. La microestructura es otro factor determinante, 
ya  que  son  los  defectos microestructurales  los  lugares  en  los  que  comienza  el  proceso  de 
degradación. De este modo, materiales con defectos en la superficie, grandes poros o pequeño 
límite de grano se degradarán a mayor velocidad que piezas densas cristalinas. Este hecho hace 




reabsorbibles  y  viceversa. Por otro  lado,  tras  la  implantación de estos materiales  se genera 
siempre  un  proceso  inflamatorio  en  el  que  los macrófagos  acuden  para  ejercer  su  función 





de  guerra  a  los  que  se  les  incrustaban  astillas  de  polimetacrilato  (PMMA), material  de  las 









presentará  unas  determinadas  propiedades  físicas  y  estabilidad.  La  unión  de  otros  aditivos 








Entre  los polímeros sintéticos  también se consideran  los hidrogeles, cuyo nombre se 
debe a su gran afinidad por el agua y a  la  incorporación de  la misma en su estructura. Estos 
pueden ser tanto elastómeros como plásticos. La composición de los hidrogeles es muy variada 
existiendo  diversos  polímeros  naturales  que  comprenden  polímeros  aniónicos  (ácido 






























de membranas  (sustitutivo  de  córnea,  hemodiálisis,  piel  artificial  o  reparación  de  hernias), 
esponjas  (tratamiento  de  lesiones  en  la  piel,  sustitución  de  hueso  y  cartílago,  tampones 
quirúrgicos y contraceptivos vaginales), geles (sistemas liberadores de fármacos, inyectable en 












Estos  materiales  permiten  el  crecimiento  vascular,  la  diferenciación  de  células 
osteoprogenitoras y la remodelación ósea. 
  ‐  Polisacáridos  naturales:  como  la  celulosa  para  suturas, membranas  y  sistemas  de 
liberación de fármacos. Otros polisacáridos como la heparina se utilizan para la preparación de 
biomateriales  tromborresistentes.  Los  alginatos  se  emplean  para  la  cura  de  quemaduras  o 
liberación  de  fármacos  y  el  ácido  hialurónico  como  relleno  facial  con  fines  estéticos. Otros 
materiales como  la quitina se utilizan en  la  industria farmacéutica, cosmética y de alimentos. 
Derivado  de  la  quitina,  se  obtiene  el  quitosano,  empleado  para  suturas  biodegradables, 













Estos  materiales  son  ampliamente  utilizados  en  gran  cantidad  de  aplicaciones 
tecnológicas gracias a sus propiedades y a su diversidad estructural, presentando características 
físicas y químicas muy variadas. Mediante distintas metodologías se puede sintetizar una amplia 
gama  de  alotropos  de  carbono,  es  decir,  diferentes  estructuras  basadas  en  este  elemento 
químico con un mismo estado físico [Guldi DM et al. 2011, Chem Commun]. 











lado, generando una tensión en  la estructura, compensada por  la gran simetría de  la misma. 










































Aunque ya  se  conocían  los nanotubos de  carbono obtenidos de  forma  catalítica, no 
llamaron la atención, por la imperfección de su estructura, hasta 1991 cuando S Iijima, mediante 
un sistema de evaporación por arco eléctrico, observó el crecimiento de agujas de hasta 1 mm 













que  se  produce  el  cierre  de  la  lámina  de  átomos  de  carbono,  pudiendo  ser  desde 
superconductores  hasta  aislantes.  Son  solubles  en  disolventes  polares  como  la 
dimetilformamida, pudiendo aumentar su solubilidad mediante la adición de grupos funcionales 
en su estructura. 
  Gracias  a  sus  propiedades  tienen  aplicaciones  muy  variadas  en  el  campo  de  la 
electrónica, óptica, ciencia de materiales y nanotecnología. Se valora especialmente su papel 
como  semiconductores  y  su  utilización  en materiales  compuestos,  como  refuerzo  de  otros 
polímeros como las resinas epoxi.  
  Desde un punto de vista biomédico, los nanotubos de carbono carecen de solubilidad 
en  medio  acuoso,  por  lo  que  requieren  una  funcionalización  previa  para  su  aplicación. 
Actualmente,  estos  materiales  son  estudiados  como  posibles  potenciadores  de  funciones 
celulares, para  la formación de apatita sobre su superficie, para  la síntesis de andamios para 












Estudios  in  vitro  con  células  mioblásticas  de  ratón  C2C12  cultivadas  sobre  andamios  de 


















  Desde su descubrimiento, el grafeno atrajo  la atención de numerosos  investigadores, 
llegándose a publicar en 2010 más de 3000 trabajos debido a las características únicas que este 
material  posee  [Sánchez  VC  et  al  2012,  Chem  Res  Toxicol].  Entre  las  propiedades  más 
sobresalientes  se  encuentran  su  transparencia,  flexibilidad,  resistencia  extraordinaria, 
impermeabilidad y óptima conducción eléctrica. Todos estos factores tienen como consecuencia 
un amplio potencial del grafeno para su utilización en numerosos campos de investigación. La 
principal  ventaja  del  grafeno  sobre  el  resto  de materiales  de  carbono  es  su  gran  área  de 
superficie,  gracias  a  su  estructura  bidimensional.  Esto  le  confiere  una  alta  capacidad  de 
funcionalización  y  de  interacción  con  los  sistemas  biológicos  [Gonçalves G  et  al.  2013, Adv 
Healthc Mater].  











2010,  Nat  Nanotechnol].  Este  material  presenta  unas  propiedades  electrónicas 
excelentes. 
‐ Grafeno de pocas capas (2 a 10 capas), precursor del grafeno en monocapa. Se obtiene 
mediante  la  introducción de grupos  sulfato  y nitrato entre  las  capas de  grafito  y  su 
posterior calentamiento, que provoca la expansión de toda la estructura.  







dependiente de pH y de  la estabilidad coloidal  [Park S et al. 2009, Nano Lett]. En  la 
superficie  basal  contiene  grupos  hidroxilo  y  epóxido  (no  cargados  pero  polares)  y 














células y  les da estabilidad en solución, aumentando  la dispersión  [Sánchez VC et al. 
2012,  Chem  Res  Toxicol].  Se  obtienen  a  partir  de GO mediante  energía  ultrasónica. 
Dependiendo del grado de oxidación del GO, o lo que es lo mismo, del grado de defectos 
en  la  estructura,  se  puede  controlar  la  dimensión  lateral  del material  ya  que  estos 
defectos determinarán el número de puntos de rotura durante el proceso de sonicación 
[Pan S et al. 2011, ACS Nano]. 
  Dentro de  los diferentes  tipos de  grafeno,  el nano‐GO presenta  las mejores 






















































Figura  5.  Detalle  de  la  estructura  del  hueso  compacto  y  el  hueso  esponjoso.  Imagen  procedente  de  
http://www.anatomiahumana.ucv.cl/kine1/top2.html  































Figura  6.  Detalle  de  los  tipos  de  hueso  que  componen  el  esqueleto  humano.  Imagen  procedente  de  
http://biologiaconlastics.blogspot.com.es/2014/10/tejido‐oseo‐esqueleto.html  
3.2 Componentes del tejido óseo 
El  tejido óseo es un  tipo de  tejido conjuntivo que  tiene  la particularidad de  tener su 
matriz mineralizada, causa por la cual presenta la dureza necesaria para ejercer una función de 




La matriz ósea está  formada por una  fase mineral  (65%)  y una  fase orgánica  (35%), 
responsable de las propiedades biomecánicas del hueso. 
La fase mineral se compone mayoritariamente de hidroxiapatita [Ca10(PO4)6(OH)2] que 













Estas proteínas no  colágenas  se  clasifican en macromoléculas de proteoglicanos  (otorgan  la 
resistencia a  la compresión), glicoproteínas multiadhesivas (mediadoras de  la adhesión de  las 
células  óseas  con  las  proteínas  de  la  fase  orgánica),  proteínas  dependientes  de  vitamina  K 
osteoespecíficas  y  factores  de  crecimiento  y  citoquinas  con  funciones  diversas.  Entre  las 
glicoproteínas multiadhesivas destaca la osteonectina, con un papel adhesivo entre el colágeno 
y  los  cristales  de  hidroxiapatita,  y  las  sialoproteínas  como  la  osteopontina,  que  media  la 
adhesión de las células a la matriz ósea. La osteocalcina es una proteína dependiente de vitamina 
K encargada de captar el calcio desde la circulación y atraer a los osteoclastos para estimular el 



















  Son  derivadas  de  células madre  mesenquimales  de médula  ósea  y  son,  a  su  vez, 
precursoras de los osteoblastos, principales encargados de la formación de hueso. Estas células 








Como  queda  detallado  en  la  Figura  8,  el  proceso  de  diferenciación  de  osteoblastos 









osteocondroprogenitoras,  seguidas  de  precursores  de  osteoblastos  Runx2‐positivos.  A 
continuación,  estas  células  se  diferencian  a  precursores  de  osteoblastos  Osx‐positivos  que 
finalmente se diferencian a osteoblastos formadores de hueso  [Akiyama H et al. 2005, PNAS 
USA]. Runx2 es el factor más relevante durante la diferenciación, aunque no es suficiente para 






otras moléculas a  través de diferentes  rutas de  señalización,  como  la hormona paratiroidea 
(PTH),  la proteína relacionada con  la misma (PTHrP), hedgehog  (Hh), Wnt  (Wingless e  Int),  la 
proteína morfogenética ósea (BMP) y Notch (Delta) [Arboleya L et al. 2013, Reumatol Clín]. Se 
desconoce el orden exacto de activación de cada vía durante el proceso, sin embargo, todos los 






En  el  caso  de  la  vía Wnt,  tanto  la  vía  canónica  como  la  no  canónica  parecen  estar 
implicadas en el proceso de osificación  [Andrade AC et al. 2007, Bone]. La vía canónica es  la 
dominante, en la que Wnts se une a los receptores Frizzled desencadenando la estabilización de 








































Med].  En  cuanto  TGF‐β,  es  liberado  durante  el  proceso  de  resorción  ósea  induciendo  la 
migración de células mesenquimales a  la médula ósea [Tang Y et al. 2009, Nat Med]. Ciertos 







Este  tipo  celular  está  formado  por  células  diferenciadas  que  aún  poseen  capacidad 
proliferativa y secretora. Son las encargadas de secretar colágeno tipo I así como proteínas de 
la matriz  que  constituyen  el  osteoide  (matriz  ósea  no mineralizada  inicial).  Estas  proteínas 




Desde  un  punto  de  vista  morfológico,  los  osteoblastos  secretores  de  matriz  en 
mamíferos  presentan  una  forma  característica  cuboidal,  con  un  gran  núcleo  excéntrico  y 
prominente  retículo  endoplasmático  rugoso  y  áreas  de  Golgi.  Emiten  protrusiones  y 
pseudópodos hacia el osteoide y expresan ciertos marcadores como sialoproteína, osteocalcina, 







migrar  a  la  zona  de  remodelado  (ya  sea  de  la  propia matriz  reabsorbida  o  procedentes  de 
osteoclastos activos) para iniciar la formación de nuevo hueso. Con la constitución del osteoide, 
los  osteoblastos  se  ven  rodeados  por  la  matriz  que  van  produciendo  y  quedan  incluidos 
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totalmente  en  él  (Figura  10).  Según  se  van  rodeando  de  la matriz,  los  osteoblastos  se  van 
transformando en osteocitos de forma progresiva pasando por etapas intermedias que algunos 























de  remodelado),  PGE2  (estimulador  de  la  formación  ósea),  óxido  nítrico  (estimulador  de 
osteoformación  e  inhibidor  de  resorción),  Dkk  y  esclerostina  (antagonistas  de  la  vía  Wnt 
canónica) [Lerner UH 2012, Seminars in Orthodontics]. También establecen contacto indirecto 
con  osteoblastos  y  otras  células  lejanas mediante  la  expresión  de  diferentes moléculas  de 
señalización [Franz‐Odendaal TA et al. 2006, Dev Dynam].  
Los osteocitos maduros presentan una morfología estelar y un tamaño menor que sus 
precursores  así  como un  retículo  endoplasmático  y  aparato de Golgi mucho más  reducidos 
debido la menor síntesis de proteínas de secreción [Dudley HR et al. 1961, J Biophys Biochem 
Cytol].  
Una  de  sus  funciones  es  la mecano‐transducción,  es  decir,  la  respuesta  a  fuerzas 




Editorial  Médica  Panamericana].  Cuando  éstas mueren  por  apoptosis,  por  ejemplo  tras  la 
producción de microfracturas óseas, secretan RANKL dando lugar a la resorción de la zona por 






A  diferencia  del  resto  de  tipos  celulares  que  componen  el  hueso,  los  osteoclastos  
proceden de células madre hematopoyéticas medulares denominadas "Unidades Formadoras 




ligando del receptor activador del  factor nuclear kappa B  (RANKL) y el  factor estimulador de 
colonias macrofágico (M‐CSF) (Figura 11) [Väänänen HK et al. 2008 Arch Biochem Biophys]. 
M‐CSF estimula la proliferación de CFU‐GM para mantener el pool de células mononucleares. En 





resorción y  la unión a  la matriz ósea. Ante  la estimulación por M‐CSF y RANKL  las células se 










Tanto M‐CSF  como RANKL  (soluble  y unido  a  la membrana)  son  expresados por  los 
osteoblastos y células mesenquimales estromales (MSC). Estas moléculas se unen a c‐fms [Sherr 
CJ  et  al.  1988,  J  Cell Biochem]  y RANK  respectivamente,  expresadas por  los precursores de 
osteoclastos, lo que demuestra que la interacción entre osteoblastos y osteoclastos es esencial 
para que cada  tipo celular pueda ejercer su  función y  tenga  lugar el acoplamiento necesario 
entre osteoblastos y osteoclastos para el remodelado óseo. [Spence et al. 2008, J Biomed Mater 
Res  A].  Se  ha  podido  observar  in  vitro  que  solo  M‐CSF  y  RANKL  son  esenciales  para  la 






Muchas  sustancias  osteotrópicas  como  dexametasona,  vitamina  D3  1α25(OH)2 
[Kitazawa et al. 1999, Biochim Biophys Acta] y citoquinas como IL‐1 y TNF‐α [Yasuda et al. 1998, 
Proc Natl Acad Sci USA] regulan la osteoclastogénesis de forma indirecta, al modular la expresión 
de  RANKL  en  osteoblastos.  Sin  embargo  TGF‐β  tiene  el  efecto  contrario  ya  que  suprime  la 
expresión de este ligando [Takai et al. 1998, J Biol Chem]. 
En  experimentos  in  vivo,  ratones  carentes  del  gen  de  RANK  o  RANKL  presentaron 
osteopetrosis, demostrando que ambas moléculas son esenciales para la función osteoclástica 
[Dougall  WC  et  al.  1999,  Genes  Dev].  Por  otra  parte,  ratones  con  deficiencia  en  OPG 










la disposición de  los  filamentos de actina en  forma de anillo, ambos parámetros visibles por 
microscopía  confocal.  Sin  embargo,  experimentos  in  vitro  muestran  que  osteoclastos 
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mononucleares  pueden  poseer  capacidad  resortiva,  aunque  las  células multinucleares  son 




Figura  13.  Detalle  de  la  actividad  del  octeoclasto.  Imagen modificada  [Ross  MH  et  al.  2010,  Editorial Médica 
Panamericana]. 
        El osteoclasto  funcional posee  al menos  cuatro dominios de membrana  claramente 
diferenciados:  zona  de  sellado,  borde  festoneado,  región  basolateral  y  dominio  secretor 
[Väänänen HK et al. 1998, Mater Sci Eng]. 
‐ Zona de sellado: Cuando  la célula monocítica  llega al hueso  se une a  la matriz ósea 
íntimamente creando una laguna de resorción aislada del fluido extracelular. Es en esta 
laguna donde se produce el proceso de resorción siendo visible por microscopía confocal 





























entre  las cuales destacan dos grandes grupos:  las metaloproteinasas (MMPs) y  las catepsinas 
lisosomales. La catepsina K es expresada por los osteoclastos en grandes cantidades y secretada 
a la laguna de resorción pudiendo hidrolizar el colágeno de tipo I a pH ácido. [Väänänen HK et 






















con  los  osteocitos  por  lo  que  se  las  cree  implicadas  en  el mantenimiento  y  nutrición  de 
osteocitos así como en el  transporte de calcio y  fosfato entre hueso y sangre. Entre ellas se 
establecen  uniones  intercelulares  en  hendidura  [Ross  MH  et  al.  2010,  Editorial  Médica 
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HA) e hidroxiapatita nanocristalina sustituida con silicio  (nano‐SiHA) sobre  los  tipos celulares 
implicados  en  el  proceso  de  remodelado  óseo,  analizando  los  posibles  beneficios  para  el 
tratamiento de la osteoporosis. Los materiales han sido preparados y caracterizados por el grupo 
de  la  Profesora  María  Vallet‐Regí  (Dpto.  Química  Inorganica  y  Bioinorgánica,  Facultad  de 
Farmacia, Universidad Complutense de Madrid). 
1. HIDROXIAPATITA  SUSTITUIDA  CON  SILICIO  E  HIDROXIAPATITAS
NANOCRISTALINAS
Como  se  detalla  en  la  Introducción  (apartado  3.2.2),  el  tejido  óseo  está  formado  por 









Figura  15. Mecanismo  de  disolución‐precipitación  de  los  fosfatos  de  calcio  como  la  hidroxiapatita.  Esquema 
procedente de  [Arcos D 2014, Bioceramics with  clinical applications, Chapter 3]. 1) Disolución de  la  cerámica; 2) 
Precipitación de iones calcio y fosfato sobre la cerámica; 3) Intercambio de iones y reorganización estructural en la 
interfaz tejido/implante; 4) Interdifusión desde la superficie a la cerámica; 5) efectos mediados por la solución sobre 
la actividad celular; 6) Deposición de  la fase mineral u orgánica, sin  integración en  la cerámica; 7) Deposición con 




Otra  característica  importante  de  la  hidroxiapatita  es  la  osteoconductividad, 
permitiendo  la  adhesión,  proliferación  y  diferenciación  de  los  osteoblastos  en  su  superficie 
(Thian ES et al. 2006, Biomaterials; Balamurugan A et al. 2008, Dent Mater]. Sin embargo, este 
material presenta ciertas limitaciones debido a la baja velocidad de formación de la nueva capa 
de  apatita  y  a  su  lenta  degradación,  pudiendo  ocasionar  retrasos  en  los  procesos  de 
rehabilitación y fallos a largo plazo [Vallet‐Regí M et al. 2005, J Mater Chem; Mastrogiacomo M 
et al. 2005, Orthod Craniofacial Res]. Con el fin de aumentar su reactividad, se realizan en  la 
estructura  de  HA  sustituciones  catiónicas  (Ca2+  sustituido  por  Sr2+,  Pb2+, Mg2+)  o  aniónicas 
(grupos OH‐ sustituidos por F‐, Cl‐). También son comunes diferentes sustituciones iónicas que 
afectan  a  las  propiedades  químicas,  estructurales  y  microestructurales.  Una  de  estas 
sustituciones es  la de silicio en forma de silicato (SiO44‐), que es  introducido en el  lugar de un 






Los  grupos  silicato  son  de  mayor  tamaño  que  los  grupos  fosfato  por  lo  que  su 
introducción presenta mayor dificultad, quedando  en  superficie  y  generando una distorsión 
tetraédrica. La estructura deja de  ser estequiométrica y  se producen  tensiones dentro de  la 
misma. La Figura 16 muestra la estructura cristalina de este material en el que la celda unidad 
es de forma hexagonal. Dentro de ella se encuentran los grupos fosfato con forma tetraédrica y 
con  una  disposición  concreta.  Alrededor  de  estos  fosfatos  hay  grupos  de  calcio  que  se 



















de grano que  facilita  la disolución, aumentando  la solubilidad del material  [Pietak AM 2007, 
Biomaterials]. El concepto de tamaño de grano y tamaño de cristal es diferente. El tamaño de 
grano no tiene por qué ser más pequeño en la SiHA pero sí el tamaño de cristal, dado que al ser 










los efectos deseados. En  la bibliografía  se puede observar que  la  incorporación de  silicio  al 












numerosos  estudios  con  modelos  animales  alimentados  con  dietas  deficientes  en  este 
elemento, que su carencia conduce a pérdida de peso y diversas malformaciones óseas. Los 




para  la  síntesis  del  colágeno,  y  un  papel  estructural  mediante  la  unión  química  a 
glicosaminoglicanos [Porter AE et al. 2004, Biomaterials]. En estudios in vitro se ha observado 
que  la presencia de silicio  induce una mayor producción de colágeno y un  incremento en  la 
expresión de fosfatasa alcalina y osteocalcina, marcadores temprano y tardío de diferenciación 
de osteoblastos, respectivamente [Thian ES et al. 2010, Acta Biomaterialia]. Por otro  lado, el 












(nano‐SiHA)  con mayor  área  de  superficie  y menor  tamaño  del  cristal.  Estas  características 
inducen mejores respuestas biológicas, dado que el efecto osteogénico del silicio se explica por 
su  localización  en  los  límites  del  cristal  [Dorozhkin  SV  2009  Materials].  La  hidroxiapatita 
nanocristalina (nano‐HA) presenta una mayor rugosidad de superficie y poros  individuales de 
menor tamaño que la HA con cristales de tamaño micrométrico [Webster TJ et al. 2000, J Biomed 













de  rata  a  las  tres  semanas  de  implantar  un  sustituto  óseo  de  biocomposites  con  nano‐HA 
muestra una mayor biocompatibilidad y osteointegración [Lewandrowski KU et al. 2003, Biomed 
Mater  Eng].  Andamios  de  nano‐HA/colágeno/ácido  poliláctico  con  células  madre 







factores  de  crecimiento  fibroblástico  (FGFs),  polipétidos  relacionados  con  el  desarrollo, 
crecimiento  y  reparación  del  tejido  óseo  [Ornitz DM  et  al.  2002, Gene Dev].  Estos  factores 
controlan  procesos  de  proliferación  y  diferenciación  de  varios  tipos  celulares  como  son  los 
osteoblastos [Jaye M et al. 1992, Biochim Biophys Acta / Marie PJ 2012, Gene], pero además son 
fuertes inductores de la angiogénesis [Jonca F et al. 1997, J Biol Chem], necesaria para el éxito 
de  la regeneración tisular. De  las 24 proteínas que componen esta familia,  los factores FGF‐1 
(ácido, FGFa) y FGF‐2 (básico, FGFb) son los más representativos. Estudios de inmovilización de 
ambos  factores  sobre  andamios  de  SiHA  realizados  en  nuestro  grupo  de  investigación, 
mostraron una mejora en la adhesión y proliferación de osteoblastos Saos‐2 sobre el material, 
comprobando que el factor inmovilizado mantenía su actividad sobre las células [Feito MJ et al. 
2011,  J Mater  Sci: Mater Med].  La  inmovilización  del  factor  permite  la  utilización  de  dosis 




provocar  efectos  deletéreos  como  estimulación  del  crecimiento  tumoral,  función  vascular 
anormal,  hipotensión  e  hipervascularidad  [Brey  EM  et  al.  2005,  Tissue  Eng]. Otros  estudios 
basados en hidroxiapatita  recubierta  con FGF‐2 muestran una mayor  formación ósea en  los 
animales tratados con este material [Tsurushima H et al. 2010, Acta Biomater; Schnettler R et al. 
2003, Biomaterials]. 





hidroxyethilmethacrilato)  copolimerizado  con  vinilpirrolidona  [Mabilleau  G  et  al.  2008, 
Biomaterials]. 
Los factores de la superfamilia TGF y, más concretamente, las proteínas morfogenéticas 
óseas  (BMPs)  son  también muy utilizados para potenciar  la  regeneración ósea ya que estas 
moléculas están estrechamente relacionadas con el proceso de osteogénesis (apartado 3.2.2 de 
la  Introducción). Sachse et al., en un modelo experimental de oveja osteoporótica  senil  con 
implantes cilíndricos de titanio e hidroxiapatita recubiertos de BMP‐2, demostraron un aumento 
significativo  de  la  formación ósea  a  las  veinte  semanas  [Sachse A  et  al.  2005, Bone]. Otros 
estudios con hidroxiapatita y fosfato tricálcico (HA/TCP) tratados con BMP e implantados en el 
canal medular femoral de ratas, mostraron la formación de callos óseos a las ocho semanas y 






ósea  debido  a  la  necesidad  del  transporte  de  nutrientes  y  oxígeno  a  través  de  los  vasos 
sanguíneos hasta el lugar donde se ha producido la lesión o fractura. Por este motivo, el factor 
de  endotelio  vascular  (VEGF)  también  es  objeto  de  estudio  en  los  procesos  de  liberación 











por el  contrario  inhibe  la actividad osteoclástica  cuando  los niveles de  calcio en  sangre  son 
elevados [Vallet‐Regí M 2011, Anales de la Real Sociedad Española de Química].  
La proteína relacionada con  la parathormona (PTHrP) es otro factor  importante en  la 









por  inmovilización  covalente,  mostraron  en  ambos  casos  una  mayor  proliferación  y 
mineralización [Manzano M et al. 2011, Acta Biomater]. La  implantación de andamios de HA 
recubiertos con un polímero de glutaraldehido y osteostatina unida en  la metáfisis de  la tibia 






La osteoporosis es una enfermedad esquelética  sistémica en  la que  se produce una 
desmineralización  con  pérdida  generalizada  de  la  masa  ósea  y  un  deterioro  de  la 















[Richards  JB  et  al.  2012,  Nat  Rev  Genet],  aumentando  la  prevalencia  de  esta  patología  al 
incrementarse la esperanza de vida. Por otra parte, se trata de la enfermedad metabólica más 
frecuente  entre  la  población occidental,  siendo  padecida  en  España  por más  3 millones  de 
personas [Guerra‐García MM et al. 2008, Atención Primaria]. En la Unión Europea, 22 millones 
de  mujeres  y  5,5  millones  de  hombres  mayores  de  50  años  están  diagnosticados  con 
osteoporosis, siendo la prevalencia de la enfermedad del 21% y 6%, respectivamente [Hernlund 
E et al. 2013, Arch Osteoporos]. 
Esta  enfermedad  está  producida  por  un  desequilibrio  entre  la  actividad  opuesta  de 
osteoblastos  y  osteoclastos,  encargados  de  la  formación  y  degradación  de  hueso, 
respectivamente,  procesos  necesarios  para  el  remodelado  óseo.  A  partir  de  los  50  años 
comienza a darse una mayor actividad osteoclástica que osteoblástica, originándose la pérdida 
de la masa ósea [Malkin et al. 2002, Ann Hum Biol].  





femenino,  el  estado  postmenopáusico,  la  raza  caucásica,  la  historia  familiar  y  las  fracturas 









































Los  fármacos  antirresortivos  más  utilizados  en  el  tratamiento  de  la  osteoporosis  son 
bifosfonatos como el etidronato disódico, el risedronato sódico, el ácido ibandrónico o el ácido 
zoledrónico.  Estos  compuestos  son  análogos  de  pirofosfatos  con  una  gran  afinidad  por  la 




secundarios  dependiendo  de  la  vía  de  administración.  En  el  caso  de  una  administración 
intravenosa se desarrolla hasta en un 4% de los casos osteonecrosis de la mandíbula y fracturas 
femorales del subtrocánter (una de cada mil personas tratadas) [Marini F et al. 2014, Best Pract 
Res  Clin  Endocrinol Metab].  Por  el  contrario, mediante  la  administración  oral  los  pacientes 
pueden presentar otro tipo de efectos secundarios relacionados con el sistema digestivo debido 


















tratamiento  y  prevención  de  fracturas  de  hueso  osteoporótico.  Actualmente,  están  en 




provocan una gran disminución de  la estabilidad y dificultan  la  reconstrucción quirúrgica. Al 
producirse  una  fractura  en  un  hueso  sano,  se  liberan  numerosas  citoquinas  al  torrente 
sanguíneo que reclutan células madre mesenquimales al lugar de la fractura para comenzar la 













Los  biomateriales  para  reducir  las  fracturas  osteoporóticas  en  la  actualidad  son 
básicamente de dos  tipos:  implantes metálicos y  cementos.  Los primeros  son usados  con el 
objetivo primario de  fijación, mientras que  los segundos son utilizados principalmente como 
refuerzo de  los  implantes metálicos  [Arcos D et al. 2014, Acta Biomater]. También se puede 
utilizar este tipo de cementos para su inyección en el hueso osteoporótico [Heini PF et al. 2001, 









































Las  estrategias  terapéuticas  para  regeneración  ósea  implican  la  selección  de 
biomateriales,  factores  de  crecimiento  y  tipos  celulares  adecuados  que  mimeticen  el 
microambiente  presente  in  vivo,  donde  las  señales  mecánicas  y  moleculares  controlan  el 
proceso de reconstrucción del tejido óseo. 
En  la  presente  Tesis  Doctoral  se  aborda  el  estudio  de  la  biocompatibilidad  de  la 
hidroxiapatita  sustituída  con  silicio  (SiHA)  sobre  diferentes  tipos  celulares,  analizando  sus 
efectos  en  comparación  con  la  hidroxiapatita  (HA),  ya  que  las  características  químicas  y 
estructurales de SiHA incrementan su solubilidad y reactividad respecto a HA. Como alternativa 
prometedora para  la restauración de defectos óseos, se ha utilizado el  factor de crecimiento 
fibroblástico básico FGF‐2 unido a SiHA, evaluando  su biofuncionalidad a  través de  rutas de 
señalización que este factor activa en osteoblastos. 
Los  resultados obtenidos  se  resumen a continuación y han dado  lugar a  la  siguiente 
publicación: 
‐ Matesanz MC, Feito MJ, Ramírez‐Santillán C, Lozano RM, Sánchez‐Salcedo S, Arcos D, Vallet‐
Regí  M,  Portolés  MT.  Signaling  pathways  of  immobilized  fgf‐2  on  silicon  substituted 
hydroxyapatite. Macromolecular Bioscience 12: 446‐453, 2012.  
En  el  presente  estudio  se  ha  comparado  el  efecto  que  SiHA  y  HA  ejercen  sobre 
fibroblastos murinos L929, osteoblastos humanos Saos‐2 y preosteoblastos murinos MC3T3‐E1, 
analizando  diferentes  parámetros  de  biocompatibilidad:  morfología  celular,  proliferación, 









































Mediante  un  estudio  de  célula  única  se  comprobó  por  Microscopía  Confocal  el 
incremento del calcio citosólico en osteoblastos Saos‐2 al añadir el FGF‐2/SiHA sobre el cultivo, 
demostrando  la  funcionalidad del  factor  (Figura 22). Resultados  similares  se obtuvieron  con 
células en suspensión mediante citometría de flujo. 
Por otra parte, la vía de las MAP quinasas también es estimulada por FGF entre otros 













confiere  a  las  células  las  señales  adecuadas  para  estimular  los mecanismos  intracelulares 
implicados en la proliferación y diferenciación osteoblástica. 
Full Paper
446Signaling Pathways of Immobilized FGF-2
on Silicon-Substituted HydroxyapatiteMarı´a de la Concepcio´n Matesanz, Marı´a Jose´ Feito,
Cecilia Ramı´rez-Santilla´n, Rosa Marı´a Lozano, Sandra Sa´nchez-Salcedo,
Daniel Arcos, Marı´a Vallet-Regı´, Marı´a-Teresa Portole´s*Therapeutic strategies for bone regeneration involve the selection of suitable biomaterials,
growth factors, and cell types to mimic the cellular microenvironment where molecular and
mechanical signals control the reconstruction of bone tissue. The immobilization of basic
fibroblast growth factor (FGF-2) on powdered silicon-sub-
stituted hydroxyapatite (Si-HA) allows to prepare a bio-
functional biomaterial able to interact with bone cells in a
very specific way. The biological activity of FGF-2/Si-HA,
evaluated in Saos-2 osteoblasts and MC3T3-E1 preosteo-
blasts through the PLCg andMAPK/ERK signal transduction
pathways, shows that FGF-2 immobilized on Si-HA
provides the right signals to cells stimulating crucial
intracellular mechanisms of osteoblast proliferation and
differentiation.1. Introduction
Synthetic hydroxyapatite (HA) is successfully used in the
field of dentistry and orthopedic surgery due to its
crystallographic structural similarity to bone mineral.[1,2]
However, the bone inorganic component presents calcium,M. de la Concepcio´n Matesanz, Dr. M. J. Feito,
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Department of Biochemistry and Molecular Biology I, Faculty of
Chemistry, Universidad Complutense, 28040 Madrid, Spain
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 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinephosphate, and hydroxyl deficiency, internal crystal dis-
order and different substituents as carbonate (up to 8wt%),
sodium (up to 0.8wt%), magnesium (up to 0.5wt%), and
potential trace level substituents as silicon (Si).[1,3] Si is an
essential trace element required for healthy bone and
connective tissues which influences the biological activity
of calcium phosphate biomaterials by modifying their
properties and by direct effects on the physiological
processes in skeletal tissue.[4,5] The observed beneficial
actions of Si-substituted calcium phosphates (bioactivity
increase, higher osteoclastic resortion activity, increase of
bone ingrowth, and bone-implant coverage) have been
critically revised by Bohner.[6] Several passive and active
mechanisms have been proposed to explain the Si
substitution effects: the material solubility increase,
topographical changes, the reduction of the grain size,
and the ionic release of Si and Ca, which can directly act on
bone cells, in particular osteoblasts.[4,6–9]
On the other hand, recent therapeutic tissue regenera-
tion strategies are based on the combination of cells,
biomaterials, and growth factors.[10–13] Basic fibroblastlibrary.com DOI: 10.1002/mabi.201100456
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www.mbs-journal.degrowth factor (FGF-2) plays an important role in osteogen-
esis and is also a strong inducer of angiogenesis which
allows the supply of oxygen and nutrients for cells during
tissue repair.[14] The immobilization of FGF-2 on bio-
materials and the local delivery of this protein represent
promising alternatives treatment for restoring bone
defects.[15–21] The FGF binding to specific cell receptors
activates multiple signal transduction pathways that
are often inter-dependent.[22] The best understood of these
mechanisms are the Ras/mitogen-activated protein kinase
(RAS-MAP kinase) pathway which include extracellular
signal-regulated kinases (ERK 1/2), p38 kinase, and c-Jun
N-terminal kinase (JNK); the P-I-3 kinase-AKT pathway and
the phospholipase Cg (PLCg) pathway. The FGFs effect on
signaling events leads to osteoblast proliferation/differ-
entiation and stimulates gene expression of procollagen,
osteopontin, osteocalcin, and VEGF.[23] The activation of
PLCg results in phosphatidyl inositol hydrolysis, stimula-
tion of protein kinase C (PKC), and intracellular calcium
mobilizationwhich triggers kinasesdependentoncalcium/
calmodulin, promoting finally the expression of cbfa1/
Runx2 genes.[24] In addition, the signaling pathway FGF
cooperates with bone morphogenetic proteins (BMPs).[25]
In the present study, the comparative response of L929
fibroblasts, Saos-2 osteoblasts, and MC3T3-E1 preosteo-
blasts to both silicon-substituted HA (Si-HA) and HA have
been evaluated in vitro analyzing different biocompat-
ibility parameters. Then, in order to obtain a biofunctional
material able to participate in specific biological reactions,
FGF-2 was immobilized on powdered Si-HA and the
analysis of specific FGF-2 signal transduction pathways
wascarriedoutonbothosteoblasts andpreosteoblasts. This
study includes the evaluation of intracellular calcium
mobilization in single cells for the first time by confocal
microscopy and the use of MAPK (ERK 1/2) inhibitor U0126
and MAP kinase kinase (MEK) inhibitor PD98059 to
specifically detect these FGF pathways.2. Experimental Section
2.1. Synthesis of Silicon-Substituted HA
Si-HA with nominal formula Ca10(PO4)5.7(SiO4)0.3(OH)1.7&0.3,
where&denotedvacancies at thehydroxyl position,wasprepared
by aqueous precipitation reaction of Ca(NO3)2 4H2O, (NH4)2HPO4,
and Si(CH3CH2O)4 solutions, as described elsewhere.
[26] Briefly, a
1M solution of Ca(NO3)2 4H2O was added to (NH4)2HPO4 and
Si(CH3CH2O)4 solutions of stoichiometric concentration to obtain
the composition described above. The mixture was stirred for 12h
at80 8C.ThepHwaskeptat9.5byNH3solutionaddition.Duringthe
reactionthepHwascontinuouslyadjustedto9.5toensureconstant
conditions during the synthesis. The precipitated Si-HA powder
was treated at 700 8C to remove nitrates without introducing
important changes in the structure and microstructure of the
materials.[26] Elemental chemical analysis was carried out bywww.MaterialsViews.com
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 2012 WILEY-VCH Verlag Gmbfluorescence X-ray spectrometry. Twelve different batches were
tested to ensure the chemical homogeneity of the synthesized
powders. Particle size distribution of Si-HA powder material was
determinedwith a Sedigraph 5100 after aqueous suspension. Non-
doped HA was obtained under analogous conditions in order to
carry out a comparative study.2.2. Preparation of Silicon-Doped HA Disks
Fractions of 300mg of both HA and Si-HA materials were pressed
into disk-shape (11mmdiameter, 2mmheight) bymeans of 3 tons
of uniaxial pressing.2.3. Cell Culture for in vitro Biocompatibility Studies
Murine L929 fibroblasts, human Saos-2 osteoblasts, and murine
MC3T3-E1preosteoblastswereseededon6wellcultureplates (Cultek
S.L.U., Madrid, Spain), at a density of 105 cells mL1 in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS, Gibco, BRL), 103M L-glutamine (BioWhittaker
Europe, Belgium), penicillin (200mg mL1, BioWhittaker Europe,
Belgium), and streptomycin (200mg mL1, BioWhittaker Europe,
Belgium), under a CO2 (5%) atmosphere and at 37 8C for 24h. To
evaluate theeffects of bothHAand silicon-dopedHAondifferent cell
parameters, cells were cultured for 4 d in the presence of 1mg mL1
of either HA or Si-HA synthesized under the same experimental
conditions. Controls without material were always carried out.
After4 d culture, theattachedcellswerewashedwithphosphate
buffer saline (PBS) and harvested using 0.25% trypsin/ethylene-
diaminetetraaceticacid (EDTA)solutionfor5min.Thereactionwas
stopped with culture medium and cells were counted with a
Neubauer hemocytometer for the analysis of cell proliferation,
centrifuged at 310g for 10min and resuspended in fresh medium
for the analysis of viability, cell cycle, apoptosis, and reactive
oxygen species (ROS) content by flow cytometry.2.4. Morphological Studies by Scanning Electron
Microscopy (SEM)
Morphological studieswere carried out by SEMwithhumanSaos-2
osteoblasts cultured for 4 d on the surface of both HA and Si-HA
disks prepared in the same experimental conditions. For SEM
studies, the attached cells on the biomaterial were fixed with
glutaraldehyde [2.5% in phosphate-buffered saline (PBS)] for
45min. Sample dehydration was performed by slow water
replacement using series of ethanol solutions (30, 50, 70, 90%)
for 15minwith a final dehydration in absolute ethanol for 30min,
allowing samples to dry at room temperature and under vacuum.
Afterwards, the pieces were mounted on stubs and coated in
vacuum with gold-palladium. Cells were examined with a JEOL
JSM-6400 scanning electron microscope.2.5. Morphological Studies by Confocal Microscopy
For confocal microscopy studies, murine L929 fibroblasts, human
Saos-2 osteoblasts and murine MC3T3-E1 preosteoblasts were
cultured for 4 d on glass coverslips in the presence of 1mg mL1 of, 12, 446–453
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M. de la Concepcio´n Matesanz et al.either HA or Si-HA synthesized in the same experimental
conditions. Controls without material were always carried out.
After fixation with 3.7% paraformaldehyde in PBS for 10min,
samples were washed with PBS and permeabilizated with 0.1%
Triton X-100 for 3–5min. The sampleswere thenwashedwith PBS
and preincubatedwith PBS containing 1%BSA for 20–30min. Then
cellswere incubated for20minwithAlexa-488phalloidin (Dilution
1:40, Molecular Probes) which stains F-actin filaments. Samples
were thenwashedwithPBSandthecellnucleiwerestainedwith4’-
6-diamidino-2’-phenylindole (DAPI), 3106 M in PBS, Molecular
Probes). After staining andwashingwith PBS, cells were examined
using a Leica SP2 Confocal Laser Scanning Microscope. The
fluorescence of Alexa-488 was excited at 488nm and the emitted
fluorescencewasmeasuredat 530/30nm. Thefluorescence ofDAPI
was excited at 405nm and measured at 420–480nm.
2.6. Lactate Dehydrogenase (LDH) Measurement
LDHactivitywasmeasured in the culturemediumbyanenzymatic
method at 340nm (Bio-Analı´tica, S.L.) using a BeckmanDU640UV-
Vis spectrophotometer. The medium was collected after every
culture timeandcentrifugedat12000gat4 8C.Theenzymaticassay
was performed in the supernatant.
2.7. Flow Cytometry Studies
Cells cultured for 4 days in the absence or the presence of
1mg mL1 of either HA or Si-HA were washed twice with PBS and
incubated at 37 8C with trypsin-EDTA solution for cell detachment.
After5min, thereactionwasstoppedwithculturemedium;cellswere
centrifuged at 310g for 10min and resuspended in fresh medium.
After the incubation with the different probes, as it is described
below, the conditions for the data acquisition and analysis were
establishedusingnegativeandpositive controlswith theCellQuest
Program of Becton Dickinson and these conditions were main-
tainedduringall the experiments. Eachexperimentwas carriedout
three times and single representative experiments are displayed.
For statistical significance, at least 10 000 cells were analyzed in
each sample and the mean of the fluorescences emitted by these
single cells was used.
2.7.1. Cell Cycle Analysis and Apoptosis Detection
Cell suspensions were incubated with Hoechst 33258 (Poly-
Sciences, Inc., Warrington, PA) [Hoechst 5mg mL1, ethanol 30%,
and bovine serum albumin (BSA) 1% in PBS], used as a nucleic acid
stain, for30minat roomtemperature indarkness. Thefluorescence
ofHoechstwas excitedat 350nmand theemittedfluorescencewas
measured at 450nm in an LSR Becton Dickinson Flow Cytometer.
The cell percentage in each cycle phase, G0/G1, S, and G2/M was
calculatedwith the CellQuest Programof BectonDickinsonand the
SubG1 fraction was used as indicative of apoptosis.
2.7.2. Intracellular ROS Content and Cell Viability
Cells were incubated at 37 8C for 30min with 104M 20 ,70-dichloro-
fluorescein diacetate (DCFH/DA, Serva, Heidelberg, Germany). To
measure the intracellular ROS, the fluorescence of dichlorofluorescein
was excited by a 15mW laser tuning to 488nm and the emitted
fluorescence was measured with a 530/30 band pass filter in aMacromol. Biosci. 20
 2012 WILEY-VCH Verlag GmbFACScalibur Becton Dickinson flow cytometer. Cell viability was
determinedbyaddition of propidium iodide (PI; 0.005% in PBS, Sigma-
Aldrich Corporation, St. Louis,MO,USA) to stain theDNAof dead cells.
2.8. FGF-2 Immobilization on Powdered Si-HA
The immobilization of FGF-2 on powdered Si-HA was carried out
through non-covalent binding by mixing 1g of this biomaterial
with200mgof solubleFGF-2 in102 M sodiumphosphate (pH¼7.2)
in a final volume of 6mL as it is described previously.[18] The final
concentration of NaCl was 5 102 M in the samples. After 2 h of
slight rotation at 4 8C, 3mL of the mix was lyophilized and
maintained at 20 8C for subsequent biofunctionality assays.
2.9. Biofunctionality Studies
The specific analysis of FGF-2 signal transduction pathways was
carried out as a biofunctionality measure of FGF/Si-HA on both
osteoblasts and preosteoblasts.
2.9.1. Intracellular Calcium Transients in Single Cells by
Confocal Microscopy and Flow Cytometry
Cultured Saos-2 osteoblasts were incubated with the probe Indo-1
AM (Enzo Life Sciences) at a concentration of 105 M under a CO2
(5%)atmosphereanddarknessat 37 8C for30min. Then, toevaluate
the effect on PLCg pathway of FGF-2 immobilized on powered Si-
HA, 10ng mL1 of FGF-2/Si-HA (1ng FGF-2 immobilizedon5mgSi-
HA) were added to the culture medium and intracellular calcium
transients were just detected by confocal microscopy. The
fluorescence of Indo-1 was excited at 405nm and the emitted
fluorescence was measured in single cells with 410–509nm band
passfilter in anLEICASP2 confocal laser scanningmicroscope.After
all the measurements, 105 M A-23187 ionophore (Enzo Life
Sciences) was added in order to prove the sensitivity of the assay.
Ontheotherhand,theeffectofFGF-2/Si-HAonintracellularcalcium
was also evaluated by flow cytometry with Saos-2 osteoblasts in
suspension. In these experiments, cellswere incubatedwith theprobe
Indo-1 AM (Enzo Life Sciences) at a concentration of 105M for 30min
at room temperature, darkness, and shaking. Then, FGF-2/Si-HA
(10ng mL1) was added to the cell suspension, the fluorescence of
Indo-1 was excited at 325nm and the emitted fluorescence was
measured at 380nm in an LSR Becton Dickinson Flow Cytometer.
2.9.2. Treatments with MAPK (ERK 1/2) Inhibitor U0126
and MAP Kinase Kinase (MEK) Inhibitor PD98059
Murine MC3T3-E1 preosteoblasts were seeded on 24 well culture
plates (Cultek S.L.U., Madrid, Spain), at a density of 2 104
cells mL1 in DMEM supplemented with 10% FBS (Gibco,
BRL), 103 M L-glutamine (BioWhittaker Europe, Belgium), penicillin
(200mg mL1, BioWhittaker Europe, Belgium), and streptomycin
(200mg mL1, BioWhittaker Europe, Belgium), under a CO2 (5%)
atmosphere and at 37 8C. After 4 d culture, either MAPK (ERK 1/2)
inhibitor U0126 or MAP kinase kinase (MEK) inhibitor PD98059
were added at a concentration of 105 M to the culturemediumand
incubated for 1 h. Then, 10 ng mL1 of FGF-2/Si-HA (1ng FGF-2
immobilized on 5mg Si-HA) were added and the cultures were
maintained for 4 d. Controls without inhibitors were always carried
out. After 4 d culture, the attached cells were washed with PBS and12, 12, 446–453
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was stopped with culture medium and cells were counted with a
Neubauer hemocytometer for the analysis of cell proliferation.
2.9.3. Statistics
Data are expressed as meansþ standard deviations of a represen-
tative of three experiments carried out in triplicate. Statistical
analysis was performed using the Statistical Package for the Social
Sciences (SPSS) version 19 software. Statistical comparisons were
made by analysis of variance (ANOVA). Scheffe´ test was used for
post hoc evaluations of differences among groups. In all statistical
evaluations, p<0.05 was considered as statistically significant.Figure 1. Proliferation assays of L929 fibroblasts, Saos-2 osteo-
blasts, and MC3T3-E1 preosteoblasts cultured in the presence of
1 mg mL1 of either powered Si-HA or powdered HA. Controls
without material were always carried out. Columns with the
same letter are statistically equivalent. Columns with different
letters are statistically different. Statistical significance:
 p<0.05,  p<0.005, n¼6.3. Results and Discussion
In order to stimulate bone regeneration, the selection of
suitable biomaterials, growth factors, and cell types is
necessary to mimic the cellular microenvironment where
molecular and mechanical signals control the reconstruc-
tion of this specific tissue.[1,10,27]
Si-HAs are among themost interesting calciumphosphates
for bone repair because present comparable biocompatibility
and mechanical properties to HA but improved bioactivity
whichenhancesbonetissuegrowthrate.[1–5]Althoughtheuse
of Si-HA has been proposed for different biomedical applica-
tions, only few studies have been carried out to know the
specific cellular responses to these materials.[5,18,28] In the
present study, the comparative response of L929 fibroblasts,
Saos-2 osteoblasts, and MC3T3-E1 preosteoblasts to both HA
and Si-HA have been evaluated in vitro analyzing different
biocompatibility cell parameters: cell morphology, prolif-Figure 2. Morphology evaluation of Saos-2 osteoblasts cultured on either HA (A) or Si-HA
(B, C, D) disks by SEM.eration, viability, apoptosis, ROS content,
LDH release, and cell cycle phases.
Figure1 showscell proliferationvalues
after 4 d culture in the presence of either
HA or Si-HA (1mg mL1 in powder
form). Controls without material were
also carried out. As it can be observed,
L929 fibroblasts, Saos-2 osteoblasts, and
MC3T3-E1 preosteoblasts proliferate in
contact with HA and Si-HA, but the cell
number was significantly lower in the
presence of these materials than in
controls. This effect has been previously
observed.[18] Recently, the intracellular
signal transduction pathway involved in
the slow cell proliferation in osteoblasts
grown on the calcium phosphate surface
has been investigated and the inhibition
of RhoA/ROCK/PTEN pathway has been
proposed to increase the osteoblast pro-
liferation on apatite surfaces.[28] It must
be underlined that L929 fibroblasts pre-
sent higher proliferation rates than Saos-www.MaterialsViews.com
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sensitivity to the presence of both HA and Si-HA materials
(Figure 1). The number of Saos-2 cells after 4 d culture in
contact with Si-HA was significantly higher than with HA,
indicating that this cell type grows better in the presence of
Si-HA.This resulthasbeenalsoobservedbySEMwhenSaos-
2osteoblastswere cultured for4donsurfaceofbothHAand
Si-HA disks. SEM images demonstrate that Saos-2 cells
adhere to the Si-HAdisk, proliferate and colonize its surface
(Figure 2B–D) better than on HA disk (Figure 2A). Osteo-, 12, 446–453
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Figure 3. Cell cycle S phase analysis of L929 fibroblasts, Saos-2
osteoblasts, and MC3T3-E1 preosteoblasts cultured in the pre-
sence of 1 mg mL1 of either powered Si-HA or powdered HA.
Controls without material were always carried out. Columns with
the same letter are statistically equivalent. Columns with differ-




M. de la Concepcio´n Matesanz et al.blasts cultured on Si-HA surface show the typical bone cell
morphology, cube-shape, and big sized (Figure 2C), joining
other cells to construct a net through strong cellular unions
(Figure 2B and D). Adhesion and proliferation processes are
good indicators of the cell response that could be expected
when a biomaterial is used in vivo.
Proliferation isdependentonthecell cycleprogression, in
which cells pass through the G0/G1 phase (Quiescence/Gap
1) to the S phase (Synthesis) and finally to the G2/M phase
(Gap 2 andMitosis). The analysis of cell cycle phases of both
Saos-2 osteoblasts and MC3T3-E1 preosteoblasts shows a
slight but significant increase of the cell percentage in S
phase in the presence of powdered Si-HA in comparisonTable 1. Biocompatibility parameters of L929 fibroblasts, Saos-2 osteo
1 mg mL1 of either powdered HA or powered Si-HA. Controls witho
Viability A
L929 Control 98.0 1.2 0
HA 93.0 0.1a) 0
Si-HA 95.4 0.4 1
Saos-2 Control 95.0 1.2 0
HA 65.9 5.5b) 2
Si-HA 69.0 13.8c) 0
MC3T3-E1 Control 96.5 0.2 0
HA 87.5 1.5a) 1
Si-HA 92.1 0.3a) 1
a)p<0.05; b)p<0.005; c)p<0.01.
Macromol. Biosci. 20
 2012 WILEY-VCH Verlag Gmbwith HA (Figure 3). This fact reveals an active DNA
replication (the major event in S-phase) without alteration
in the G1/S transitionwhich is a principal checkpoint in the
regulation of the cell cycle.
High levels of cell viability (95–87%) evaluated by PI
exclusion and low percentages of apoptosis (0.3–1.8%)
detected by SubG1 fraction, were obtained after culture of
L929 and MC3T3-E1 cells in the presence of 1mg mL1
powdered HA and Si-HA (Table 1). Although low levels of
apoptosis were also obtained in Saos-2 osteoblasts, this cell
type showed a slight decrease of cell viability obtaining
values of 65.9 and 69.0% in the presence of HA and Si-HA,
respectively. Since no significant changes of LDH levels in
the culture mediumwere detected, the integrity of the cell
plasmamembranewasproved in all cases (data not shown,
Table1). Thus, theviabilitydecreaseobserved inSaos-2 cells
by PI exclusion test can be due to a higher sensitivity of this
cell type to the detachment with trypsin/EDTA (necessary
for the flow cytometric analysis) after culture in the
presence of powdered materials. Previous studies have
shown that Saos-2 osteoblasts are more sensitive than
fibroblasts to HA-bTCP/agarose disks which induced
apoptosis (11%) in osteoblasts cultured 4 d on its surface
but not in fibroblasts (0.5%).[29]
It is remarkable that better biocompatibility results of
Si-HA in comparison with HA were obtained with Saos-2
osteoblasts in the present study (Figure 2, Table 1). Intracel-
lularROScontentdidnot showalteration thus indicatingno
oxidative stress in all the cases (data not shown).
Figure 4 shows the correct morphology of L929 fibro-
blasts (Figure 4A and B), Saos-2 osteoblasts (Figure 4C
andD), andMC3T3-E1preosteoblasts (Figure4EandF) in the
presence of powdered HA (Figure 4A, C, and E) and Si-HA
(Figure 4B, D, and F). Cells arewell spread,with a distinctiveblasts, and MC3-T3 preosteoblasts cultured for 4 d in the presence of
ut material were carried out; in all cases n¼ 4.
poptosis ROS LDH
.5 0.1 No oxidative stress No changes
.3 0.1
.8 1.8
.6 0.3 No oxidative stress No changes
.1 1.7b)
.4 0.7
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Figure 4. Morphology evaluation by confocal microscopy of L929 fibroblasts (A, B), Saos-
2 osteoblasts (C, D), and MC3T3-E1 preosteoblasts (E, F) cultured in the presence of
1 mg mL1 of either powered HA (A, C, E) or powdered Si-HA (B, D, F). Cells were stained
with DAPI (for the visualization of the cell nuclei) and Alexa-488 phalloidin (for the
visualization of cytoplasmic F-actin filaments).
Signaling Pathways of Immobilized FGF-2 on Silicon-Substituted Hydroxyapatite
www.mbs-journal.deactin network and no apoptotic nuclei are detected byDAPI
staining in the presence of these materials.
The incorporation of biological agents in biomaterials
improves their integration rate because it stimulates
endogenous repair mechanisms by providing the right
signals to cells and thereby accelerating the functional
restoration of damaged tissues. The advantages andwww.MaterialsViews.com
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 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhedisadvantages of different systems for
controlled release of these agents have
been recently reviewed in the litera-
ture.[10,17] The immobilization of growth
factors is a strategy that allows to obtain
the desirable local concentration of these
molecules involved in cell proliferation
and differentiation.[15–21] The basic FGF
(bFGF or FGF-2) plays important roles in
osteogenesis and also in angiogenesis,
necessary toobtainoxygenandnutrients
during tissue repair.[27]
In the present study, the immobiliza-
tion of FGF-2 on powdered Si-HA was
performed as previously described to
obtain a biofunctional biomaterial able
to interact with cells in a very specific
way.[18] With this objective, the analysis
of the biological activity of immobilized
FGF-2 on Si-HA was evaluated through
specific signal transduction pathways in
cultured Saos-2 osteoblasts and MC3T3-
E1 preosteoblasts.
The biological action of FGF-2 involves
the binding to specific receptors on cell
surface and the activation of multiple
signaling pathways that are often inter-
dependent.[22] Among FGF signals, the
activation of PLCg produces the phospha-
tidyl inositol hydrolysis releasing diacyl-
glycerol and inositol-1,4,5-trisphosphate.
These molecules stimulate, respectively,
the protein kinase C and the Ca2þ release
from intracellular stores to cytosol.[22]
Since calcium signaling is essential for
the osteoblast proliferation, differentia-
tion, and bone formation, the evaluation
of intracellular calcium transients in
response to FGF-2/Si-HA was carried
out for the first time in the present study
with single cells by confocal microscopy
as measure of PLCg activation path-
way.[30]
Figure 5B shows the time courses of
changes in cytosolic Ca2þ in randomly
selected single cells (Figure 5A), moni-
tored with the fluorescent probe Indo-1and measured by confocal microscopy just after the
addition of 10ng mL1 of FGF-2/Si-HA (1 ng FGF-2
immobilized on 5mg Si-HA) to cultured Saos-2 osteoblasts.
As it can be observed, FGF-2/SiHA triggers a cytosolic Ca2þ
increase in osteoblasts demonstrating that FGF-2 main-
tains its biological activity after its immobilization on
powdered Si-HA. This immobilized factor is able to bindim 451
Figure 5. Times courses of changes in cytosolic Ca2þ (5B) in randomly selected single cells
(5A), monitored with the fluorescent probe Indo-1 and measured by confocal microscopy
just after the addition of 10 ng mL1 of FGF-2/Si-HA (1 ng FGF-2 immobilized on 5mg Si-
HA) to cultured Saos-2 osteoblasts.
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M. de la Concepcio´n Matesanz et al.extracellular receptors on human osteoblasts and to
activate the PLCg pathway which involves phosphatidyl
inositol hydrolysis and releaseof calciumfromintracellular
stores to cytosol.[22] These effects were also observed by
flow cytometry in Saos-2 suspensions after FGF-2/Si-HA
addition (Figure 6). Controls without FGF were always
carried out and no changes in cytosolic Ca2þwere obtained
(data not shown).
TheMAPkinasesarea familyofproteins that regulate the
activity of downstreamkinases or transcription factors and
are also activated by FGF signals.[31] ERK1/2 kinases are
generally considered responsible for the mitogenic
response and MAP kinase kinase (MEK) is the kinaseFigure 6. Time course of changes in cytosolic Ca2þ (5B) in Saos-2
osteoblast monitored with the fluorescent probe Indo-1 and
measured by flow cytometry just after the addition of 10 ng mL1
of FGF-2/Si-HA (1 ng FGF-2 immobilized on 5mg Si-HA). Statistical
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 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheupstreamof ERK1/2.[32] This intracellular
signaling pathway of FGF-2 plays a
crucial role in osteoblast proliferation
and differentiation and it is well studied
in MC3T3-E1 preosteoblasts.[23,33,34] The
proliferative effect of FGF-2 on this cell
typehasbeen recently relatedwithdown
regulation of TAZ protein.[34] In order to
evaluate the effects of immobilized FGF-
2/Si-HA on MC3T3-E1 preosteoblast pro-
liferation through the activation of MEK
and ERK 1/2 kinases, their respective
inhibitors U0126 and PD98059 were
added at a concentration of 105 M to
the culture medium of these cells 1 h
before the addition of 10ng mL1 FGF-2/
Si-HA (1 ng FGF-2 immobilized on 5mg Si-HA). After FGF-2/
Si-HA addition,MC3T3-E1 culturesweremaintained for 4 d
and the cell number was evaluated after detachment with
trypsin-EDTA.As it canbeobserved in Figure7, FGF-2/Si-HA
produces a significant increase of MC3T3-E1 proliferation
which is specifically inhibited by U0126 and PD98059. The
PD98059 inhibition is significantly more pronounced than
U0126 inhibition in agreement with the MEK upstream
position with respect to ERK 1/2. All these results
demonstrate the biological activity of immobilized FGF-2
on Si-HA through specific signaling pathways detection
suggesting the potential utility of FGF-2/Si-HA as a
biofunctional material for bone repair.of immobilized FGF-2/Si-HA on MC3T3-E1 pre-
ration through the activation of MEK and ERK 1/
and PD98059 inhibitors were added at a con-
5 M to the culture medium 1 h before the addition
F-2/Si-HA (1 ng FGF-2 immobilized on 5mg Si-
ltures were then maintained for 4 d and the cell
aluated after detachment with trypsin/EDTA.
e same letter are statistically equivalent. Col-
ent letters are statistically different. Statistical
<0.005, n¼6.
im www.MaterialsViews.com
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Immobilized FGF-2 on Si-HA maintains its biological
activity stimulating crucial intracellular signalingmechan-
isms as PLCg and MAPK/ERK pathways in Saos-2 osteo-
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analizado  el  efecto  de  los medios  de MC3T3‐E1  cultivados  en  presencia  de  SiHA/FGF‐2  y/u 
osteostatina  sobre  la  proliferación  de  células  angiogénicas  derivadas  de  progenitoras  de 
endotelio de cerdo (EPCs). 






Los  preosteoblastos  murinos  MC3T3‐E1  cultivados  con  SiHA/FGF‐2  mostraron  








y  VEGFR2  fue  analizada  en  preosteoblastos  cultivados  en  presencia  de  SiHA/FGF‐2  y 
osteostatina.  Ambos  factores  incrementaron  la  expresión  de  todas  estas moléculas,  siendo 
superior el efecto producido por la acción combinada de SiHA/FGF‐2 y osteostatina. Respecto a 











  El  FGF‐2/SiHA  causó  un  rápido  incremento  de  calcio  citosólico (Figura 25)  y mayor 
fosforilación  de  ERK.  Ambos  efectos  fueron  potenciados  por  la  adición  de  osteostatina.  El 








y/u osteostatina  sobre  células angiogénicas derivadas de progenitoras de endotelio de  cerdo 
(EPCs), demostró un incremento de la proliferación de estas células producido por la acción de 
ambos  factores  pero  no  por  la adición de cada uno por separado.  La  utilización  de  un  








de  SiHA/FGF‐2  mediante  un  mecanismo  que  implica  la  participación  de  las  MAPKs  y  la  
movilización de  calcio  intracelular.  La  combinación de  ambos  factores  supone una estrategia 
atractiva para futuros estudios de Ingeniería de Tejidos ósea. 
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Si-doped hydroxyapatite (Si-HA) is a suitable ceramic for the controlled release of agents to improve bone
repair. We recently showed that parathyroid hormone-related protein (PTHrP) (107–111) (osteostatin)
has remarkable osteogenic features in various in vitro and in vivo systems. Fibroblast growth factor
(FGF)-2 modulates osteoblastic function and induces angiogenesis, and can promote osteoblast adhesion
and proliferation after immobilization on Si-HA. In the present study we examined whether osteostatin
might improve the biological efficacy of FGF-2-coated Si-HA in osteoblastic MC3T3-E1 cells in vitro. We
found that Si-HA/FGF-2 in the presence or absence of osteostatin (100 nM) similarly increased cell
growth (by about 50%). However, addition of the latter peptide to Si-HA/FGF-2 significantly enhanced
gene expression of Runx2, osteocalcin, vascular endothelial growth factor (VEGF) and the VEGF receptors
1 and 2, without significantly affecting that of FGF receptors in these cells. Moreover, secreted VEGF in the
MC3T3-E1 cell conditioned medium, which induced the proliferation of pig endothelial-like cells, was
also enhanced by these combined factors. The synergistic action of osteostatin and Si-HA/FGF-2 on the
VEGF system was abrogated by a mitogen-activated protein kinase inhibitor (U0126) and by the calcium
antagonist verapamil. This action was related to an enhancement of alkaline phosphatase activity and
matrix mineralization in MC3T3-E1 cells, and also in primary human osteoblastic cells. These in vitro data
show that osteostatin increases the osteogenic efficacy of a Si-HA/FGF-2 biomaterial by a mechanism
involving mitogen-activated protein kinases and intracellular Ca2+. These findings provide an attractive
strategy for bone tissue engineering.
 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.1. Introduction
Si-doped hydroxyapatite (Si-HA) has biocompatibility, bioactiv-
ity and osteoconductivity properties, thus it has been proposed as a
suitable matrix for the controlled release of biological agents to im-
prove bone repair following fracture and other skeletal injuries [1].
The observed beneficial effects of Si substitution in this ceramic in-
volve several passive and active mechanisms which have been crit-
ically reviewed by Bohner [2]. In addition, osteointegration of this
type of material can be further improved by incorporation of
growth factors which stimulate the repair mechanisms and thus
functional restoration of the damaged tissue [3].ia Inc. Published by Elsevier Ltd. ARecent findings indicate that parathyroid hormone-related pro-
tein (PTHrP) may affect bone formation and bone remodeling
through distinct structural domains [4]. In this regard, the native
C-terminal PTHrP (107–139) fragment has been shown to be a
strong bone resorption inhibitor [5], but can also stimulate osteo-
blastic function both in vitro and in vivo [6–10]. The bioactivity of
this fragment in bone appears to reside into its N-terminal domain,
namely the pentapeptide known as osteostatin [6,11–14]. Of inter-
est, osteostatin itself might be generated from PTHrP (107–139)
upon proteolytic processing by the product of the PHEX gene (phos-
phate-regulating gene with homologies to endopeptidases on the X
chromosome),which is abundant in osteoblasts [15]. Supporting the
osteogenic action of this pentapeptide, we recently showed that its
loading onto Si-based ceramics (including Si-HA)made thesemate-
rials efficient in inducing cell growth and cell differentiation inll rights reserved.
D. Lozano et al. / Acta Biomaterialia 8 (2012) 2770–2777 2771osteoblastic MC3T3-E1 cell cultures [13,16]. Interestingly, this bio-
activity in vitrowas similarly observedwith osteostatin coated onto
Si-HA scaffolds by either adsorption, and thus deliverable, or cova-
lent immobilization, leaving free its N-terminus [16].Moreover, ost-
eostatin coating conferred osteoinduction properties to Si-based
ordered SBA-15mesoporousmaterialswhen implanted in a cavitary
defect in the femoral epiphysis of healthy rabbits [17].
Fibroblast growth factors (FGFs) are a group of proteins which
control the proliferation and differentiation of various cell types,
including osteoblasts [18]. FGF-2 increases osteoblast proliferation
and can also modulate osteoblast differentiation [19–22]. In this
regard, we recently demonstrated that low doses (61 ng ml1) of
FGF-2 immobilized on Si-HA improved adhesion and proliferation
of osteoblastic SaoS-2 osteosarcoma cells [23]. In addition, FGFs
are strong inducers of angiogenesis [24]. This is of particular inter-
est, since neovascularization is crucial to meet the oxygen and
nutrient demands of cells involved in bone regeneration [25].
Hence, enhancement of bone growth by FGF-2 might be a result
of increased osteoblastic growth and improved vascularization.
Thus immobilization of FGF-2 on biomaterials would represent a
promising approach for bone tissue engineering [26,27].
FGF-2 binding to specific tyrosine kinase receptors activates
multiple signal transduction pathways involving mitogen-acti-
vated protein kinase (MAPK), phosphatidylinsositol-3 kinase
(PI3K)-Akt and intracellular Ca+2/protein kinase C in target cells,
including osteoblasts [19,28]. In addition, both native PTHrP
(107-139) and osteostatin have previously been shown to affect
these signalling pathways in osteoblastic cells, related to variousFig. 1. (A) MC3T3-E1 cell proliferation in the presence of Si-HA, with or without immobil
culture. (B) Changes in gene expression levels (assessed by real time PCR) of OC and Ru
100 nM exogenous osteostatin (OST) on day 4. Results are means ± SEM of at least threeosteogenic effects [7,8,12]. Although the putative osteostatin
receptor is presently unknown, these findings suggest that both
FGF-2 and osteostatin appear to interact, at least in part, with com-
mon pathways in osteoblastic cells to promote bone formation.
In the present study, using the well-characterized non-trans-
formed osteoblastic cell line MC3T3-E1, we extended our initial
observations in an osteoblastic osteosarcoma cell line to confirm
that FGF-2 maintains its osteogenic activity after immobilization
on Si-HA. In addition, we aimed to evaluate whether addition of
osteostatin would increase the activity of this biomaterial.
2. Materials and methods
2.1. FGF-2 immobilization on Si-HA
Si-HA with the nominal formula Ca10(PO4)5.7(SiO4)0.3(OH)1.7
h0.3, where h represents vacancies at the hydroxyl position, was
prepared by aqueous precipitation reaction of Ca(NO3)24H2O,
(NH4)2HPO4 and Si(CH3CH2O)4 solutions, as previously described
[29]. The precipitated Si-HA powder was treated at 700 C to re-
move nitrates without altering the material structure, and elemen-
tal chemical analysis was carried out by fluorescence X-ray
spectrometry. The particle size distribution of Si-HA powder in
aqueous suspension showed a bimodal distribution centered at
10 and 50 lm [23,29].
The human full length FGF-2 (155 residues) used in this study
was synthesized and purified by Dr. R.M. Lozano (Centro de Investi-
gaciones Biológicas, Consejo Superior de Investigaciones Cientificas,ized FGF-2 alone or combined with 100 nM exogenous osteostatin (OST) after 4 days
nx2 induced by Si-HA, with or without immobilized FGF-2 alone or combined with
determinations in triplicate. ⁄P < 0.05 vs. Si-HA or control; #P < 0.05 vs. Si-HA/FGF-2.
2772 D. Lozano et al. / Acta Biomaterialia 8 (2012) 2770–2777Madrid, Spain), as described [23]. FGF-2 samples, at 1.4 mg ml1 in
10 mM sodium phosphate (pH 7.2) containing 2 M NaCl, were
stored at 20 C. FGF-2 (200 lg) was adsorbed on powdered Si-
HA (1 g) to a final volume of 6 ml in the aforementioned buffer with
50 mM NaCl. After slight rotation of the mix for 2 h at 4 C it was
lyophilized and maintained at 20 C for subsequent assays. The
Si-HA/FGF-2 ratio was calculated as the difference in protein con-
centration in the supernatants before and after FGF-2 coating onto
thematerial using a value of 0.83 as themolar extinction coefficient
at 280 nm of a 0.1% solution of FGF-2, at 25 C, using a Perkin-Elmer
spectrophotometer [23]. Sample scattering, measured as the absor-
bance at 340 nm, and buffer (10 mM sodium phosphate and 50 mM
NaCl, pH 7.2) absorbance were subtracted from each sample. In this
way the Si-HA/FGF-2 ratio was found to be 5 lg ng1.
2.2. Cell culture
The osteogenic capacity of the tested materials was examined
using well-characterized murine preosteoblastic MC3T3-E1 cellsFig. 2. Changes in gene expression levels (assessed by real time PCR) of VEGF, VEGFR-1
immobilized FGF-2 alone or combined with 100 nM exogenous osteostatin (OST) or the
three determinations in duplicate.⁄P < 0.05 vs. control and Si-HA; #P < 0.05 vs. Si-HA/FG(subclone 4, CRL-2593, ATCC, Mannassas, VA) as the experimental
model [13,16]. Cells were seeded on 6-well plates at a density of
2  104 cells cm2 and incubated with the tested agonists for differ-
ent time periods in a-minimal essential medium (a-MEM) with
50 lg ml1 ascorbic acid, 10 mM b-glycerophosphate, 10% fetal bo-
vine serum(FBS), 100 lg ml1 penicillinand100 lg ml1 streptomy-
cin (differentiation medium) in a humidified 5% CO2 atmosphere at
37 C. The medium was replaced every other day. Human osteo-
blast-like (hOB) cellswere isolated fromtrabecular boneexplantsob-
tained from knee samples discarded at the time of surgery on two
osteoarthritic subjects (aged 69 and 80 years), as previously reported
[7,8,30]. These subjects had no history of bone metabolic disorders.
These cells were cultured in Dulbecco’s modified Eagle’s medium
with 15% FBS and antibiotics, and used at passage 2.
Vascular endothelial growth factor (VEGF) secreted by MC3T3-
E1 cells in response to the tested materials was examined using pig
endothelial like cells at an early differentiation stage (EC1), derived
from endothelial progenitor cells (EPCs), as angiogenic cells
expressing von Willebrand factor and endothelial NO synthaseand VEGFR-2 (A–C), and FGFR-1 and FGFR -2 (D) induced by Si-HA, with or without
latter peptide alone in MC3T3-E1 cells on day 4. Results are means ± SEM of at least
F-2 and OST alone.
Fig. 3. (A) Changes in gene expression levels (analyzed by real time PCR) of VEGF
and VEGFR-2 induced by Si-HA, with or without immobilized FGF-2 alone or
combined with 100 nM exogenous osteostatin (OST), in the presence or absence of
UO126 (at 10 lM) or verapamil (at 50 lM), after 6 h culture, in MC3T3-E1 cells.
Results are means ± SEM of at least three determinations in duplicate. ⁄P < 0.05 vs.
Si-HA; #P < 0.05 vs. Si-HA/FGF-2 and Si-HA/FGF-2 + OST. (B) Intracellular calcium
transients in MC3T3-E1 cells. Points to trace the curve are the means of three
independent measurements per time period. A-23187 ionophore (10 lM) was
added at the end of the measurements as a control for the sensitivity of the assay.
(C) ERK activation by the different tested biomaterials in MC3T3-E1 cells. Cells were
incubated with these biomaterials for 30 min and then p-ERK and total ERK protein
were assayed in cell protein extracts by Western blot as described in the text.
D. Lozano et al. / Acta Biomaterialia 8 (2012) 2770–2777 2773[31]. EPCs are circulating premature cells which can differentiate
into endothelial cells depending on the local environment and they
can be used as an alternative to primary endothelial cells for tissue
engineering [32]. To obtain EC1 whole pig blood was diluted (50:50
vol.%) in phosphate-buffered saline, pH 7.2 (PBS), with 0.1% bovine
serum albumin (BSA) and 0.6% sodium citrate. Mononuclear cells
(MNCs) were isolated using a density gradient formed with Hist-
opaque-1077 solution (Sigma-Aldrich, St Louis, MO) in Accuspin™
tubes (Sigma-Aldrich). After centrifugation at 800g for 30 min at
room temperature the MNC layer was carefully collected and
seeded in EGM-2 medium (endothelial growth medium containing
hydrocortisone, FGF-2, VEGF, R3-insulin-like growth factor-1,
ascorbic acid, epidermal growth factor and heparin (Lonza, Walk-
ersville, MD)) in F75 polystyrene culture flasks (Corning Inc., Corn-
ing, NY) at a density of 2–3  105 cells cm2 under a 5% CO2
atmosphere at 37 C. The culture medium was replaced at 96 h
and then every 48 h for 2 weeks before addition of the MC3T3-E1
cell conditioned medium (see below).
2.3. Cell growth
For cell proliferation experiments, at 24 h after cell seeding FGF-
2 (0.8 ng ml1) immobilized on powered Si-HA alone (5 lg) or
combined with 100 nM exogenous osteostatin (Bachem, Buben-
dorf, Switzerland) was added to MC3T3-E1 cells for 4 days. These
concentrations of each growth factor have been shown to maxi-
mally stimulate osteoblastic function [13,16,23]. Si-HA controls
without the tested peptides were always included. In some exper-
iments, after incubation as above for 5 days the medium condi-
tioned by these cells for the last 48 h was removed and added to
subconfluent EC1 cells, in the presence or absence of a neutralizing
rabbit polyclonal mouse VEGF164 antibody (R&D, Minneapolis, MN)
or non-immunogenic rabbit IgG (each at 0.5 lg ml1) for 2 days.
Controls with EC1 cells cultured in EGM-2 medium were also car-
ried out as optimal cell growth conditions.
After incubation the attached cells were washed with PBS and
then harvested using 0.25% trypsin–EDTA solution for 15 min.
The reaction was stopped with culture medium and viable cells
were counted by Trypan blue exclusion with a Neubauer hemocy-
tometer. Alternatively, cells were centrifuged at 310g for 10 min
and then resuspended in fresh medium for the analysis of apopto-
sis and the cell cycle in a LSR Beckton Dickinson flow cytometer
[23].
2.4. Intracellular calcium transients
MC3T3-E1 cell suspensions (106 per ml) were incubated with
10 lM indo-1 AM (Enzo Life Sciences, Grupo Taper, Madrid, Spain)
for 30 min at room temperature in the dark with shaking. Indo-1
was excited at 325 nm and the emitted fluorescence was measured
with 380 nm long pass (FL1) and 424/44 nm band pass (FL2) filters
following the sequential addition of FGF-2 (0.8 ng ml1) immobi-
lized on powdered Si-HA and osteostatin (100 nM) in a LSR Beck-
ton Dickinson flow cytometer. Thereafter 10 lM A-23187
ionophore (Enzo Life Sciences) was added as a positive control.
2.5. Real time PCR
MC3T3-E1 cells were incubated with the tested factors as de-
scribed above in the presence or absence of 10 lMMAPK inhibitor
U0126 (Promega, Madison, WI) or 50 lM calcium antagonist
verapamil (Knoll Pharmaceutical, Madrid, Spain). These inhibitors
were added 1 h prior to addition of the tested factors. 6 h or 4 days
thereafter total MC3T3-E1 cell RNA was extracted with Trizol (Life
Technologies, Rockville, MD). Gene expression was analyzed by
real time PCR using an ABI Prism 7500 system (Applied Biosystems,Foster City, CA) and a described protocol [13]. Unlabeled mouse
specific primers for Runx2, osteocalcin (OC), vascular endothelial
growth factor (VEGF), VEGF receptors 1 and 2 (VEGFR-1 and VEG-
FR-2), FGF receptors 1 and 2 (FGFR-1 and FGFR-2), and TaqMan
probes were obtained from Assay-by-Design (Applied Biosystems).
The mRNA copy numbers were calculated for each sample using
the cycle threshold (Ct) value. 18S rRNA, a housekeeping gene,
was amplified in parallel with the tested genes. Fold change for
the treatment was defined as the relative expression compared
with that of the control and was calculated as 2DDCt, where
DDCt = DCtreatmentDCcontrol.2.6. Western blot analysis
Cell total protein was extracted with 50 mM Tris–HCl, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% sodium deoxycholate, 1% NP-40,
1% sodium dodecyl sulfate (SDS), supplemented with the protease
inhibitor cocktail P8340 (Sigma-Aldrich, St Louis, MO), and phos-
phatase inhibitor cocktail Set II 524625 (Calbiochem, La Jolla,
CA). Protein concentration was measured using a bicinchoninic
2774 D. Lozano et al. / Acta Biomaterialia 8 (2012) 2770–2777acid (BCA)-based protein assay (Pierce, Rockford, IL), using BSA as
the standard. Proteins (20 lg per lane) were loaded on 12% poly-
acrylamide–SDS gels under reducing conditions. Detection of
extracellular regulated kinase (ERK) and p-ERK was performed
with rabbit polyclonal anti-ERK and anti-p-ERK antibodies (R&D
systems, Minneapolis, MN) at 1:1000 and 1:500 dilutions, respec-
tively, followed by incubation with a horseradish peroxidase-con-
jugated anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA)
at 1:5000 dilution. Protein bands were developed with ECL™Wes-
tern blotting detection reagents (GE Healthcare, Chalfont St Giles,
UK).2.7. Mineralization assay
Matrix mineralization was measured by alizarin red staining
after incubating MC3T3-E1 cells, in the presence or absence of neu-
tralizing rabbit polyclonal mouse VEGF164 antibody, or hOBs cells
with the tested agonists for 12 and 18 days, respectively, as de-
scribed [13,16]. The stain was dissolved with 10% cetylpyridinum
chloride in 10 mM sodium phosphate, pH 7, measuring absorbance
at 620 nm.2.8. Alkaline phosphatase (ALP) activity
Following incubation with the agonists for different time peri-
ods the cells were washed with PBS and ALP activity was measured
in cell extracts obtained with 0.1% Triton X-100 using p-nitrophe-
nylphosphate as the substrate, as described previously [13]. ALP
activity was normalized to cell protein content.2.9. Statistical analysis
Results are expressed as means ± SEM. Statistical evaluation
was carried out with analysis of variance and a post hoc test (Sche-
ffé’s) or Mann–Whitney test when appropriate. Statistical analysis
was performed using the Statistical Package for the Social Sciences
(SPSS v. 19). A value of P < 0.05 was considered significant.Fig. 4. Effect of MC3T3-E1 cell conditioned medium in the presence of Si-HA with or with
peptide alone on (A) the EC1 cell number and (B) the S phase of the EC1 cycle on day 2. A
some experiments, as described in the text. EGM-2 medium was used as a positive contro
all of the other conditions.3. Results and discussion
Recent strategies in tissue engineering and regenerative medi-
cine have focused on the delivery of multiple growth factors and
bioactive molecules from biomaterial-based platforms. The aim
of such strategies is to provide an adequate spatial architecture
and controlled release kinetics of the coated factors to target oste-
ogenic cells to improve the healing process [3].
Previous results have shown that Si-HA can induce osteoblast
proliferation [33], and this effect is improved by immobilizing
FGF-2 on Si-HA scaffolds [23]. Moreover, recent studies have re-
vealed that this immobilized factor activates intracellular signals
which are crucial in stimulating osteoblast proliferation and differ-
entiation [34]. We have also recently shown that osteostatin load-
ing onto Si-HA induces both cell growth and the expression of
various osteoblastic genes in MC3T3-E1 cells [16]. Thus the combi-
nation of Si-HA/FGF-2 and osteostatin might be envisioned as an
alternative approach to stimulate bone regeneration. We have ini-
tially addressed this hypothesis by performing an in vitro study
using a non-transformed osteoblastic cell line.
Fig. 1A shows MC3T3-E1 cell proliferation in the presence of a
Si-HA material without (control) or with immobilized FGF-2 alone
or combined with exogenously added osteostatin. In agreement
with our previous results in Saos-2 human osteosarcoma cells
[21], the Si-HA/FGF-2 biomaterial produced a significant increase
in MC3T3-E1 proliferation, which was not significantly affected
by the presence of osteostatin. On the other hand, apoptosis was
unchanged and below 0.5% in the presence of any of these tested
agents (not shown). Since osteostatin has mitogenic features in
osteoblastic cells [6,13], the above result suggests that both FGF-
2 and osteostatin might share a common mechanism to induce
osteoblastic cell growth.
We next evaluated the capacity of the Si-HA/FGF-2 biomaterial
to increase the expression of two markers corresponding to differ-
ent osteoblast differentiation stages, Runx2 (early) and OC (late)
[34], and possible interactions with osteostatin. We found that
Si-HA alone increased the gene expression of both markers, and
this effect was slightly improved by FGF-2 coating, but was signif-
icantly higher with osteostatin (Fig. 1B).out FGF-2 alone or combined with 100 nM exogenous osteostatin (OST) or the latter
neutralizing VEGF antibody (aVEGF) or non-immunogenic rabbit IgG was added in
l. Results are means ± SEM of at least three determinations in duplicate. ⁄⁄P < 0.01 vs.
Fig. 5. Changes in mineralization and ALP activity in osteoblastic cells induced by Si-HA, with or without immobilized FGF-2 alone or combined with 100 nM exogenous
osteostatin (OST) or by the latter peptide alone. (A) Mineralization was assessed by alizarin red staining; corresponding densitometric values and representative images of
MC3T3-E1 cells on day 12 are shown. (Inset) These values for primary hOB cell cultures on day 18 are also depicted. (B) ALP activity was measured in MC3T3-E1 cell extracts
on day 4, as described in the text. Results are means ± SEM of four determinations in duplicate. ⁄P < 0.05 vs. control and/or Si-HA; #P < 0.05 vs. Si-HA/FGF-2 and OST alone.
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inflammatory response and callus development [35,36]. The VEGF
system is overexpressed during bone healing, and is essential for
both angiogenesis and osteogenesis, promoting the proliferation
and differentiation of osteoprogenitors [36,37]. Therefore, we next
evaluated the action of the tested agents on the VEGF system in
osteoblastic cells. In contrast to Si-HA alone, FGF-2 coated onto this
material as well as osteostatin were found to independently
up-regulate VEGF, VEGFR-1 and VEGFR-2 gene expression in
MC3T3-E1 cells, but this up-regulation was significantly higher
with the combination of Si-HA/FGF-2 and osteostatin (Fig. 2A–C).
In this regard, the latter peptide as well as the native PTHrP frag-
ment, PTHrP (107-139), have been shown to interact with the VEGF
system both in vivo and in vitro in osteoblastic cells [7–9,13,17,30].
In addition, we found herein that each single factor, Si-HA/FGF-2 or
osteostatin, up-regulated the gene expression of FGFR-1 and FGFR-2, which are abundant in MC3T3-E1 cells [38,39], but their combi-
nation was no more efficient in these cells (Fig. 2D). The angiogenic
potential of FGF-2 has also previously been characterized; this
growth factor stimulates endothelial cells to produce both matrix
metalloproteinases and VEGF and its receptors [40]. Interestingly
in this context, VEGF and FGF-2 have shown a combined effect
on angiogenesis, so that the addition of both factors to acellular
collagen–heparin scaffolds enhances the early mature vasculature
when subcutaneously implanted in rats [41,42].
MAPKs and intracellular Ca2+ have been demonstrated to play
key roles in several osteogenic actions of both osteostatin and
FGF-2 in osteoblastic cells [7,8,12,28]. In the present study the
MAPK inhibitor U0126 as well as verapamil abrogated the
synergistic induction of the VEGF system by the combined Si-HA/
FGF-2 biomaterial and osteostatin in MC3T3-E1 cells (Fig. 3A).
Moreover, as shown in Fig. 3B and C, this biomaterial was found
Fig. 6. Effect of a neutralizing VEGF antibody (aVEGF) on mineralization in the
presence or absence of the different tested biomaterials in MC3T3-E1 cells. This
antibody was added every other day throughout the time course (12 days). Mouse
VEGF164 (10 ng ml1) was used as a positive control. Results are means ± SEM of
four determinations in duplicate. ⁄P < 0.05 vs. control; ##P < 0.05 vs. Si-HA/FGF-
2 + OST.
2776 D. Lozano et al. / Acta Biomaterialia 8 (2012) 2770–2777to trigger a rapid response of cytosolic Ca2+ and also stimulated
p-ERK inMC3T3-E1 cells, indicating that FGF-2maintains the capac-
ity of Ca2+/pERK signalling after immobilization on this ceramic
[28,33]. Addition of osteostatin was shown to further increase this
Ca2+ response, but ERK activationwas only slightly greater than that
triggered by the Si-HA/FGF-2 biomaterial (Fig. 3B and C). These data
suggest that each factor is likely to interact with different receptors,
but affect a common pathway involving p-ERK and intracellular
Ca2+ to target the VEGF system in osteoblastic MC3T3-E1 cells.
In order to examine whether stimulation of VEGF gene expres-
sion by the tested growth factors had a consequence on VEGF
secretion by MC3T3-E1 cells we used angiogenic EC1 cells [31].
Medium conditioned by MC3T3-E1 cells for 2 days of the 5 day
incubation period in the combined presence of Si-HA/FGF-2 and
osteostatin, but not that containing each factor alone, increased
EC1 growth (Fig. 4A). This increase was similar to that induced by
EGM-2 medium (as an optimal growth control) in these cells. VEGF
in the MC3T3-E1 cell conditioned medium was responsible for this
proliferative effect, since it was abolished by a neutralizing VEGF
antibody but not by a non-immunogenic rabbit IgG (Fig. 4A). Since
proliferation is dependent on cell cycle progression, the stimula-
tory effect of combined Si-HA/FGF-2 and osteostatin on EC1 prolif-
eration was confirmed by analysing the S phase of the MC3T3-E1
cell cycle (Fig. 4B).
A previous study has shown an important role of VEGF in pro-
moting mineralization in primary cultures of hOBs [43]. Thus we
here tested the possibility that the observed synergistic effect of
combined Si-HA/FGF-2 and osteostatin on the VEGF system might
also affect matrix mineralization in MC3T3-E1 cells. In fact, this
was proven to be the case, since such a combination of factors
was more efficient than each factor alone in stimulating both min-
eral deposition and ALP activity in these cells (Fig. 5A and B). This
efficiency gain with both combined factors was similarly observed
in primary hOB cells (Fig. 5A, inset). Moreover, this action was
mimicked by exogenous VEGF164 (10 ng ml1), and it was signifi-
cantly inhibited, but not abolished, by a neutralizing VEGF anti-
body in MC3T3-E1 cells (Fig. 6). The latter might be due to a
possible suboptimal dose of antibody used, which was based on
that recommended by the antibody supplier as tested in a human
umbilical vascular endothelial cells assay.4. Conclusions
The present in vitro findings demonstrate for the first time that
osteostatin can improve the osteogenic efficacy of a Si-HA/FGF-2
biomaterial in osteoblastic cells by stimulating osteoblasticfunction and their angiogenic potential. However, the majority of
our results were obtained in the well-established osteoblastic cell
line MC3T3-E1, and caution should be taken when translating
these results to an in vivo situation. Taking this consideration into
account, our data might have a pathophysiological impact in bone
repair, strongly suggesting that the combination of these growth
factors would be an attractive bone tissue engineering strategy.
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Appendix A. Figures with essential colour discrimination
Certain figures in this article, particularly Fig. 5, is difficult to
interpret in black and white. The full colour images can be found
in the on-line version, at doi:http://dx.doi.org/10.1016/j.actbio.
2012.04.002.
References
[1] Vallet-Regí M, Arcos D. Silicon substituted hydroxyapatites. A method to
upgrade calcium phosphate based implants. J Mater Chem 2005;15:1509–16.
[2] Bohner M. Silicon-substituted calcium phosphates – a critical review.
Biomaterials 2009;30:6403–6.
[3] Chen F-M, Zhang M, Wu Z-F. Toward delivery of multiple growth factors in
tissue engineering. Biomaterials 2010;31:6279–308.
[4] Bisello A, Horwitz MJ, Stewart AF. Parathyroid hormone-related protein: an
essential physiological regulator of adult bone mass. Endocrinology
2004;145:3551–3.
[5] Cornish J, Callon KE, Nicholson GC, Reid IR. Parathyroid hormone-related
protein-(107–139) inhibits bone resorption in vivo. Endocrinology
1997;38:1299–304.
[6] Cornish J, Callon KE, Lin C, Xiao C, Moseley JM, Reid IR. Stimulation of
osteoblast proliferation by C-terminal fragments of parathyroid hormone-
related protein. J Bone Miner Res 1999;14:915–22.
[7] de Gortázar AR, Alonso V, Alvarez-Arroyo MV, Esbrit P. Transient exposure to
PTHrP (107–139) exerts anabolic effects through vascular endothelial growth
factor receptor 2 in human osteoblastic cells in vitro. Calcif Tissue Int
2006;79:360–9.
[8] Alonso V, de Gortázar AR, Ardura JA, Andrade-Zapata I, Alvarez-Arroyo MV,
Esbrit P. Parathyroid hormone-related protein (107–139) increases human
osteoblastic cell survival by activation of vascular endothelial growth factor
receptor-2. J Cell Physiol 2008;217:717–27.
[9] Lozano D, Fernández-de-Castro L, Portal-Núñez S, López-Herradón A, Dapía S,
Gómez-Barrena E, et al. The C-terminal fragment of parathyroid hormone-
related peptide promotes bone formation in diabetic mice with low turnover
osteopenia. Br J Pharmacol 2011;162:1424–38.
[10] de Castro LF, Lozano D, Portal-Núñez S, Maycas M, De la Fuente M, Caeiro JR,
et al. Comparison of the skeletal effects induced by daily administration of
PTHrP (1–36) and PTHrP (107–139) to ovariectomized mice. J Cell Physiol
2012;227:1752–60.
[11] Fenton AJ, Kemp BE, Kent GN, Moseley JM, Zheng MH, Rowe DJ, et al. A
carboxyl-terminal peptide from the parathyroid hormone-related protein
inhibits bone resorption by osteoclasts. Endocrinology 1991;129:1762–8.
[12] Valín A, Guillén C, Esbrit P. C-terminal parathyroid hormone-related protein
(PTHrP) (107–139) stimulates intracellular Ca2+ through a receptor different
from the type 1 PTH/PTHrP receptor in osteoblastic osteosarcoma UMR 106
cells. Endocrinology 2001;142:2752–9.
[13] Lozano D, Manzano M, Doadrio JC, Salinas AJ, Vallet-Regí M, Gómez-Barrena E,
et al. Osteostatin-loaded bioceramics stimulate osteoblastic growth and
differentiation. Acta Biomater 2010;6:797–803.
[14] Cuthbertson RM, Kemp BE, Barden JA. Structure study of osteostatin
PTHrP[Thr107](107–139). Biochim Biophys Acta 1999;1432:64–72.
[15] Boileau G, Tenenhouse HS, Desgroseillers L, Crine P. Characterization of PHEX
endopeptidase catalytic activity: identification of parathyroid-hormone-
related peptide 107–139 as a substrate and osteocalcin, PPi and phosphate
as inhibitors. Biochem J 2001;355:707–13.
[16] Manzano M, Lozano D, Arcos D, Portal-Núñez S, López la Orden C, Esbrit P,
et al. Comparison of the osteoblastic activity conferred on Si-doped
hydroxyapatite scaffolds by different osteostatin coatings. Acta Biomater
2011;7:3555–62.
D. Lozano et al. / Acta Biomaterialia 8 (2012) 2770–2777 2777[17] Trejo CG, Lozano D, Manzano M, Doadrio JC, Salinas AJ, Dapía S, et al. The
osteoinductive properties of mesoporous silicate coated with osteostatin in a
rabbit femur cavity defect model. Biomaterials 2010;31:8564–73.
[18] Marie PJ. Fibroblast growth factor signaling controlling osteoblast
differentiation. Gene 2003;316:23–32.
[19] Dailey L, Ambrosetti D, Mansukhani A, Basilico C. Mechanisms underlying
differential responses to FGF signaling. Cytokine Growth Factor Rev 2005;16:
233–47.
[20] Fei Y, Xiao L, Doetschman T, Coffin DJ, Hurley MM. Fibroblast growth factor 2
stimulation of osteoblast differentiation and bone formation is mediated by
modulation of the Wnt signaling pathway. J Biol Chem 2011;286:40575–83.
[21] Kyono A, Avishai N, Ouyang Z, Landreth GE, Murakami S. FGF and ERK signaling
coordinately regulate mineralization-related genes and play essential roles in
osteocyte differentiation. J Bone Miner Metab 2012;30:19–30.
[22] Hughes-Fulford M, Li CF. The role of FGF-2 and BMP-2 in regulation of gene
induction, cell proliferation and mineralization. J Orthop Surg Res 2011;6:8.
[23] Feito MJ, Lozano RM, Alcaide M, Ramírez-Santillán C, Arcos D, Vallet-Regí M,
et al. Immobilization and bioactivity evaluation of FGF-1 and FGF-2 on
powdered silicon-doped hydroxyapatite and their scaffolds for bone tissue
engineering. J Mater Sci Mater Med 2011;22:405–16.
[24] Lazarous DF. The fibroblast growth factors and angiogenesis: basic
considerations. Curr Interv Cardiol Rep 2001;3:213–7.
[25] Wieghaus KA, Capitosti SM, Anderson CR, Price RJ, Blackman BR, Brown ML,
et al. Small molecule inducers of angiogenesis for tissue engineering. Tissue
Eng 2006;12:1903–13.
[26] Mabilleau G, Aguado E, Stancu IC, Cincu C, Baslé MF, Chappard D. Effects of
FGF-2 release from a hydrogel polymer on bone mass and microarchitecture.
Biomaterials 2008;29:1593–600.
[27] Luong LN, Ramaswamy J, Kohn DH. Effects of osteogenic growth factors on
bone marrow stromal cell differentiation in a mineral-based delivery system.
Biomaterials 2012;33:283–94.
[28] Xiao G, Jiang D, Gopalakrishnan R, Franceschi RT. Fibroblast growth factor 2
induction of the osteocalcin gene requires MAPK activity and phosphorylation
of the osteoblast transcription factor, Cbfa1/Runx2. J Biol Chem
2002;277:36181–7.
[29] Arcos D, Rodríguez-Carvajal J, Vallet-Regí M. Silicon incorporation in
hydroxylapatite obtained by controlled crystallization. Chem Mater 2004;16:
2300–8.
[30] Esbrit P, Alvarez-Arroyo MV, De Miguel F, Martín O, Martínez ME, Caramelo C.
C-terminal parathyroid hormone-related protein increases vascular
endothelial growth factor in human osteoblastic cells. J Am Soc Nephrol
2000;11:1085–92.[31] Serrano MC, Pagani R, Ameer GA, Vallet-Regí M, Portolés MT. Endothelial cells
derived from circulating progenitors as an effective source to functional
endothelialization of NaOH-treated poly(e-caprolactone) films. J Biomed
Mater Res A 2008;87A:964–71.
[32] Walenta K, Friedrich EB, Sehnert F,Werner N, NickenigG. In vitro differentiation
characteristics of cultured human mononuclear cells-implications for
endothelial progenitor cell biology. Biochem Biophys Res Commun 2005;333:
476–82.
[33] Matesanz MC, Feito MJ, Ramírez-Santillán C, Lozano RM, Sánchez-Salcedo S,
Arcos D, et al. Signaling pathways of immobilized FGF-2 on silicon-substituted
hydroxyapatite. Macromol Biosci 2012;12:446–53.
[34] Chau JFL, Leong WF, Li B. Signaling pathways governing osteoblast
proliferation, differentiation and function. Histol Histopathol 2009;24:
1593–606.
[35] Towler DA. Vascular biology and bone formation: hints from HIF. J Clin Invest
2007;117:1477–80.
[36] Jacobsen KA, Al-Aql ZS, Wan C, Fitch JL, Stapleton SN, Mason ZD, et al. Bone
formation during distraction osteogenesis is dependent on both VEGFR1 and
VEGFR2 signaling. J Bone Miner Res 2008;23:596–609.
[37] Grellier M, Ferreira-Tojais N, Bourget C, Bareille R, Guillemot F, Amédée J. Role
of vascular endothelial growth factor in the communication between human
osteoprogenitors and endothelial cells. J Cell Biochem 2009;106:390–8.
[38] Shalhoub V, Ward SC, Sun B, Stevens J, Renshaw L, Hawkins N, et al. Fibroblast
growth factor 23 (FGF23) and alpha-klotho stimulate osteoblastic MC3T3.E1
cell proliferation and inhibit mineralization. Calcif Tissue Int 2011;89:140–50.
[39] Haupt LM, Murali S, Mun FK, Teplyuk N, Mei LF, Stein GS, et al. The heparan
sulfate proteoglycan (HSPG) glypican-3 mediates commitment of MC3T3-E1
cells toward osteogenesis. J Cell Physiol 2009;220:780–91.
[40] Presta M, Dell’Era P, Mitola S, Moroni E, Ronca R, Rusnati M. Fibroblast growth
factor/fibroblast growth factor receptor system in angiogenesis. Cytokine
Growth Factor Rev 2005;16:159–78.
[41] Nillesen STM, Geutjes PJ, Wismans R, Schalkwijk J, Daamen WF, van Kuppevelt
TH. Increased angiogenesis in acellular scaffolds by combined release of FGF2
and VEGF. J Controlled Release 2006;116:e88–90.
[42] Nillesen STM, Geutjes PJ, Wismans R, Schalkwijk J, Daamen WF, van Kuppevelt
TH. Increased angiogenesis and blood vessel maturation in acellular collagen–
heparin scaffolds containing both FGF2 and VEGF. Biomaterials 2007;28:
1123–31.
[43] Mayer H, Bertram H, Lindenmaier W, Korff T, Weber H, Weich H. Vascular
endothelial growth factor (VEGF-A) expression in human mesenchymal stem
cells: autocrine and paracrine role on osteoblastic and endothelial
differentiation. J Cell Biochem 2005;95:827–39.
‐ CAPÍTULO I ‐ 
115 























Rojo  JM,  Portolés  MT.  Early  in  vitro  response  of  macrophages  and  T  lymphocytes  to 
nanocrystalline hydroxyapaties. Journal of Colloid and Interface Science 416: 59–66, 2014. 
Los  perfiles  de  adsorción  de  BSA  sobre  nano‐HA  y  nano‐SiHA  fueron  similares, 
demostrando que la sustitución con silicio no modifica la interacción de proteínas con HA. 




fueron:  morfología  celular,  proliferación,  viabilidad,  apoptosis,  liberación  de  lactato  
deshidrogenasa (LDH) y contenido en especies reactivas de oxígeno (ROS) como  indicador de 
estrés  oxidativo.  Los  resultados  mostraron  un  retraso  en  la  proliferación  de  macrófagos  
primarios  y  células  RAW  264.7  en  contacto  con  ambos  materiales  aunque  presentaron  altos 
valores de viabilidad. Estas apatitas nanocristalinas no indujeron apoptosis, ni liberación de LDH 













in vivo. La  interleuquina 6  (IL‐6) y el  factor de necrosis  tumoral  α  (TNFα)  son  las principales 
citoquinas proinflamatorias, por lo que juegan un papel esencial en el proceso de inflamación. 
Por estos motivos, se ha evaluado  la  liberación de ambas moléculas al medio extracelular en 
cultivos  de  macrófagos  primarios  de  ratón  en  contacto  con  nano‐HA  y  nano‐SiHA.  Estos 
materiales generaron un  incremento en  la secreción de  las citoquinas proinflamatorias  IL‐6 y 
TNF‐α. Sin embargo, la liberación de IL‐6 fue más pronunciada en contacto con nano‐SiHA y los 
niveles de TNF‐α fueron más altos en el caso de los cultivos con nano‐HA. 
Por otra parte,  los  linfocitos T están  implicados en  la  inmunidad adquirida y  juegan un 
papel importante en el proceso inflamatorio, regulando el comportamiento de macrófagos. Por 
esta  razón,  se  evaluó  el  efecto  de  1 mg/ml  de  nano‐HA  y  nano‐SiHA  sobre  la  proliferación, 
viabilidad  y  ciclo  celular  de  linfocitos  “syngeneic‐reactive  D10”  (SR.D10)  como  modelo 
experimental, ya que estas células son linfocitos murinos derivados de células Th2 CD4+ [Ojeda 
G  et  al.  1995,  Cell  Immunol].  Los  resultados  obtenidos  no  mostraron  alteraciones  de  la 
proliferación y viabilidad celular de  linfocitos SR.D10 en contacto con  estos  materiales.  Sin  
embargo,  se  observó  un  incremento  de  la  fase  de  apoptosis  acompañado  de  un 
descenso de la fase de síntesis y mitosis.  
Todos estos resultados evidencian  la respuesta  temprana de células  inmunes a estos 
materiales  y  sugieren  que  tras  la  implantación  in  vivo  de  los  mismos  podría  inducirse  la 
activación del sistema inmune innato.  
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MacrophageHypothesis: Synthetic hydroxyapatite (HA) and Si substituted hydroxyapatite (SiHA) are calcium phos-
phate ceramics currently used in the field of dentistry and orthopaedic surgery. The preparation of both
biomaterials as polycrystalline solid pieces or grains formed by nanocrystallites has awakened a great
interest to enhance the bioactive behavior due to the microstructural defects and the higher surface area.
The study of the macrophage and lymphocyte behavior in contact with nanocrystalline HA and SiHA will
allow to elucidate the immune response which conditions the success or rejection of these biomaterials.
Experiments: HA and SiHA granules (with sizes of tens of microns) have been prepared by controlled
aqueous precipitation avoiding subsequent high temperature sintering. HA and SiHA granules were
constituted by crystallites smaller than 50 nm. The effects of both nanocrystalline materials on immune
system have been evaluated with macrophages (main components of innate immune system) and T lym-
phocytes (specific cells of adaptive response) after short-term culture as in vitro models of the early
immune response.
Findings: Significant decreases of macrophage proliferation and phagocytic activity, increased production
of inflammatory cytokines (IL-6, TNF-a) and T lymphocyte apoptosis, were induced by these nanocrystal-
line ceramics suggesting that, after in vivo implantation, they induce significant effects on immune
responses, including an early activation of the innate immune system.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Immediately after biomaterial-tissue contact, blood and inter-
stitial fluid proteins adsorb to the biomaterial surface and activate
the coagulation cascade, complement system, platelets and im-
mune cells [1,2]. Thus, the evaluation of serum proteins adsorption
and the biomaterial effects on immune system are essential as-
pects of biocompatibility assessment [3,4]. The immune response
comprises both innate and adaptive defence mechanisms which
co-ordinately activate different cell populations. Neutrophils,
monocytes and macrophages are critical cellular components of
the innate immune response, carrying out phagocytosis and pro-ducing reactive oxygen species, antimicrobial peptides, and inflam-
matory mediators [5]. The adaptive response is mediated by
antigen-specific lymphocytes (T and B cells) and by their products,
which include inflammatory cytokines and antibodies. Although
the interaction of immune cells with biomaterials has been consid-
ered negative for a long time, specific cell responses may be bene-
ficial for biomaterial integration and improve implant performance
[6]. Recent studies demonstrate the potential of biomaterials to
modulate immune cell function suggesting the possibility of
designing biomaterials capable of eliciting appropriate immune re-
sponses at implantation sites [7].
Because of its similarity to the mineral component of bone,
synthetic hydroxyapatite (HA) is a calcium phosphate ceramic
widely used in the field of dentistry and orthopaedic surgery with
different purposes. Its main applications are grafting for small bone
defects, coatings of metallic prostheses and periodontal implants,
and as scaffolds for bone tissue engineering [8]. Silicon substituted
hydroxyapatites (SiHAs) have attracted the attention of many
researchers [9–13] and have recently been incorporated to the
biomaterials market as Actifuse ABXTM (Apatech Ltd., UK) for
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cations. SiHAs are intended to improve the bone formation com-
pared to non-substituted HA, in terms of better bioactivity,
higher osteoclastic resorption activity, enhanced bone in growth,
and bone implant coverage. This performance improvement could
be due to the higher solubility at the grain boundary [9,10] and the
osteogenic action of silicon in the early stages of bone formation
[14]. SiHA approved for clinical use and most of HA based implants,
undergo a sintering process at high temperatures to increase the
density and improve the mechanical properties. This thermal treat-
ment yields polycrystalline pieces or granulates constituted by
large SiHA crystals, having dimensions of several micrometers
depending on the crystal direction considered. Moreover, the crys-
talline growth comprises a reduction of porosity and surface area.
In the last years, the possibility of enhancing the bioceramics bior-
eactivity through their preparation with low temperature methods
has been suggested [15]. Avoiding the high temperature sintering
process (commonly about 1200 C), nanocrystalline pieces and
grains can be prepared. The associated higher surface area and
smaller crystal size could provide very interesting bioresponses,
especially in SiHA as the osteogenic effect of silicon is mainly ex-
plained by its location at the crystals boundaries [9,10].
As essential processes after biomaterial-tissue contact, the albu-
min adsorption to both nanocrystalline HA and SiHA as well as the
effects of these materials on different immune cells have been
evaluated in the present study. With this objective, murine macro-
phages (main components of innate immune system) and T
lymphocytes (specific cells involved in adaptive response) have
been cultured for three days in direct contact with these nanocrys-
talline hydroxyapatites, as an in vitro model of the early immune
response to both materials. Different cell parameters as
morphology, proliferation, phagocytic activity, viability, lactate
dehydrogenase release (LDH), apoptosis, intracellular reactive oxy-
gen species (ROS), cell cycle phases, and cytokine (IL-6 and TNF-a)
production were determined as markers of biocompatibility and
specific response of both cell types.2. Materials and methods
2.1. Nanocrystalline hydroxyapatite and silicon substituted
hydroxyapatite synthesis
Samples of pure and silicon substituted HA were prepared by
aqueous precipitation reaction of Ca(NO3)24H2O, (NH4)2HPO4 and
Si(CH3CH2O)4 solutions. The amounts of reactants were calculated
on the assumption that siliconwould be substituted by phosphorus.
Two different compositions have been prepared with nominal for-
mula Ca10(PO4)6x(SiO4)x(OH)2x, with x = 0 and 0.25 for nano-HA
and nano-SiHA samples, respectively. 1 M Ca(NO3)24H2O solution
was added to (NH4)2HPO4 and TEOS solutions of stoichiometric con-
centration to obtain the compositions described above. Themixture
was stirred for 12 h at 80 C. During the reaction the pH was
continuously adjusted to 9.5 to ensure constant conditions during
the synthesis. The samples were treated at 700 C under air atmo-
sphere to remove the nitrates without introducing important
changes in the crystallite size respect to the as precipitated powder.
The HA and Si-HA grains thus obtained have a diameter ranging in
size between 10 and 100 lm, as determined by means of a
Sedigraph 5100 equipment (data not shown).2.2. Chemical, structural and microstructural studies of nano-HA and
nano-SiHA
Elemental chemical analysis was carried out by fluorescence
X-ray spectrometry for P, Si and Ca. XRD patterns were collectedwith a Philips PW 1730 X-ray diffractometer using Cu Ka radiation
with a step size of 0.02 2h and 8 s of counting time. In order to
determine the crystalline and microstructural characteristic of
both samples, Rietveld refinements were carried out over the
XRD patterns collected. The refinements were performed using
the atomic position set and the space group of the HA structure
P63/m, no 176 [16] by means of computer program FullProf 2000.
2.3. Adsorption of bovine serum albumin (BSA)
Adsorption experiments were carried out with 10 mg of either
nano-HA or nano-SiHA granulates incubated with different con-
centrations of BSA (Sigma) in PBS and moderately shaken for 5 h
at 37 C. Incubation of 24 h showed no significant difference in
the amount of protein adsorbed. Controls with the same BSA con-
centration but without material were carried out. After incubation
time, the supernatant obtained was analyzed by UV–Vis spectros-
copy and the adsorbed protein amount was calculated as the dif-
ference in protein concentration before and after BSA adsorption,
using a value of 0.667 as coefficient E (0.1%, 279 nm, 1 cm).
2.4. Isolation and culture of murine peritoneal macrophages
Normal macrophages were obtained from the peritoneum of
untreated mice as described elsewhere [17]. Briefly, BALB/c mice
were killed, and the skin was removed from the abdominal area.
Mice were then injected intraperitoneally with 4–5 ml of phos-
phate buffered saline (PBS) using an 18 gauge needle. Without
extracting the needle, the abdomen was gently massaged and then
as much fluid from the peritoneum as possible was slowly with-
drawn with the syringe. The peritoneal cells were washed in PBS
before use. All procedures were approved by Institutional Animal
Care and Use Committees.
2.5. Cell culture
RAW-264.7 cells or mouse peritoneal macrophages at a density
of 105 cells/ml were seeded in 6 well culture plates in 2 ml of Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1 mM L-glutamine.
SR.D10 cells [18] derived from the murine CD4+ Th2 cell line
D10.G4.1 [19] were cultured in suspension in Click’s medium sup-
plemented with 10% FBS containing 5 U/ml mrIL-2, 10 U/ml mrIL-
4, and 25 pg/ml mrIL-1 (IL medium) as previously described
[18,19]. After 3 days culture in the presence or the absence of
1 mg/ml of either nano-HA or nano-SiHA, cells were collected in
order to determine the number of cells. The attached RAW-264.7
cells were washed with PBS and harvested using cell scrapers.
Murine peritoneal macrophages were washed with PBS and de-
tached with PBS/1 mM EDTA at 4 C. After these procedures,
10 ll of the suspensions of these cell types and 10 ll of SR.D10
lymphocytes were counted with a Neubauer hemocytometer in
the presence of 0.2% Trypan Blue, which stains the dead cells, for
the analysis of cell proliferation. Then, cell suspensions were
centrifuged at 310g for 10 min and resuspended in fresh medium
for the analysis of different parameters by Flow Cytometry as
described below (Section 2.8).
2.6. Morphological studies by confocal microscopy
After fixation with 3.7% paraformaldehyde in PBS, samples were
permeabilized with 0.1% Triton X-100, preincubated with PBS con-
taining 1% BSA and incubated with rhodamine phalloidin to stain
F-actin filaments. After cell nuclei staining with 3 lM DAPI, cells
were examined by a LEICA SP2 Confocal Laser Scanning Micro-
scope. The fluorescence of rhodamine was excited at 540 nm and
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measured at 420–480 nm. To observe the phagocytosis of Latex
Beads-Rabbit IgG-FITC by macrophages, cells were incubated as
described below (Section 2.8.3), fixed with paraformaldehyde and
the FITC fluorescence was detected with filters for excitation and
emission at 485 and 535 nm, respectively.2.7. Lactate dehydrogenase (LDH) measurement
LDH was measured in the culture medium by an enzymatic
method at 340 nm (Bio-Analítica) using a Beckman DU 640 UV–
Visible spectrophotometer.2.8. Flow cytometry studies
After cell detachment (Section 2.5) and incubation with the dif-
ferent probes (as it is described below) the conditions for the data
acquisition and analysis were established using negative and posi-
tive controls with the CellQuest Program of Becton Dickinson and
these conditions were maintained during all the experiments. Each
experiment was carried out three times and single representative
experiments are displayed. For statistical significance, at least
10,000 cells were analyzed in each sample and the mean of the
fluorescence emitted by these single cells was used.2.8.1. Apoptosis detection
Cell suspensions were incubated with 5 lg/ml Hoechst 33258
for 30 min in darkness. Hoechst fluorescence was excited at
350 nm and measured at 450 nm in a LSR Becton Dickinson Flow
Cytometer. The percentage of cells in each cycle phase was calcu-
lated with the CellQuest Program of Becton Dickinson and the
SubG1 fraction was used as indicative of apoptosis.2.8.2. Intracellular reactive oxygen species (ROS) content and cell
viability
Cells were incubated for 30 min with 100 lM DCFH/DA. DCF
fluorescence was excited by a 15 mW laser tuning to 488 nm and
was measured with a 530/30 band pass filter in a FACScalibur
Becton Dickinson Flow Cytometer. Cell viability was determined
by propidium iodide (PI, 0.005%) exclusion test to stain the DNA
of dead cells.2.8.3. Phagocytosis assays
The phagocytosis of Latex Beads-Rabbit IgG-FITC by macro-
phages was evaluated by the Phagocytosis Assay Kit (IgG FITC) of
Cayman Chemical Company. Cells were incubated overnight with
1 lg/ml LPS (E. coli 055:B5) and Latex Beads-Rabbit IgG-FITC after
treatment with the materials. FITC fluorescence was excited by a
15 mW laser tuning to 488 nm and measured with a 530/30 band
pass filter in a FACScalibur Becton Dickinson Flow Cytometer.Table 1
Experimental Ca, P and Si content (% in weight) obtained by X-ray fluorescence2.9. Inflammatory cytokine detection
The amounts of TNF-a, and IL-6 in the culture medium were
quantified by ELISA (Gen-Probe, Diaclone), carried out according
to the manufacturer’s instructions.spectroscopy. Theoretical values are indicated below in brackets.
Sample Ca P Si
Nano-HA 39.5 17.8 0.0
(39.9) (18.5) (0.0)
Nano-SiHA 39.2 17.2 0.6
(40.1) (17.8) (0.7)2.10. Measurement of Ca2+ levels in the culture medium
To know the effect of hydroxyapatite (HA) and silicon-doped
hydroxyapatite (SiHA) on Ca2+ levels in the culture medium, Ca2+
was analyzed with an ILyte Electrolyte Analyzer.2.11. Statistics
Data are expressed as means ± standard deviations of one rep-
resentative experiment out of three experiments carried out in
triplicate. Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) version 19 software.
Statistical comparisons were made by analysis of variance (ANO-
VA). Scheffé test was used for post hoc evaluations of differences
among groups. P < 0.05 was considered as statistically significant.3. Results and discussion
3.1. Chemical, structural and microstructural properties of nano-HA
and nano-SiHA
The Ca, P and Si contents of the HA and SiHA granules, deter-
mined by elemental chemical analysis (Table 1), show that the
experimental cationic composition is very similar to the theoretical
one, indicating that the synthesis method applied allows the incor-
poration of the silicon into the precipitated powder of nano-SiHA.
XRD patterns were collected for nano-HA and nano-SiHA samples,
exhibiting almost identical profiles which are presented in Fig. 1.
All the diffraction maxima correspond to the reflections of an apa-
tite phase. Table 2 shows the lattice parameters and the sizes of the
crystallites calculated using the apparent sizes along the different
directions, obtained from the microstructural parameters calcu-
lated from the Rietveld refinements. Table 2 shows the data along
[100] and [001] directions as well as the mean crystallite size. The
crystallite sizes indicate an anisotropic growth along the c axis,
[001] direction, resulting in crystallites with needle-like shapes
similar to those found in the mineral component of bone [20].
Nano-HA crystallites are 48.2 nm and 27.6 nm in size for the lon-
gest and shortest dimensions, respectively. Besides, nano-SiHA
crystallites are 32.9 nm and 19.1 nm for the same dimensions, thus
indicating that the silicon incorporation seems to play a role on the
crystalline growth decreasing the crystal size. Independently of the
dimension considered, the crystallites of both samples are smaller
than 50 nm, confirming that the grains of nano-HA and nano-SiHA
are polycrystalline particles formed by numerous nanocrystallites.
3.2. Adsorption of bovine serum albumin (BSA) to nano-HA and nano-
SiHA
Blood proteins are important factors in determining the in vivo
acceptance of biomaterials [1]. The protein adsorption depends on
the physico-chemical properties of the material [21] and is a key
point in the initial cellular response to a biomaterial after implan-
tation, affecting the cellular adhesion, differentiation and extracel-
lular matrix production [1]. Since albumin is the most abundant
serum protein, a comparative evaluation of the adsorption of dif-
ferent BSA concentrations on nano-HA and nano-SiHA surface
was carried out. Both nanocrystalline hydroxyapatites showed
similar BSA adsorption profiles (Fig. 2), thus indicating that the
incorporation of the silicon does not change the binding affinity
and the maximum amount of protein adsorbed.
Fig. 1. Experimental (circles) and calculated (solid line) powder X-ray diffraction
pattern for (up) nano-HA and (down) nano-SiHA.
Fig. 2. BSA adsorption profiles on nano-HA and nano-SiHA after 5 h treatment.
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To know the nano-HA and nano-SiHA effects on immune sys-
tem, macrophages and T lymphocytes were used as in vitromodels
of innate and adaptive immune response, respectively.3.3.1. Macrophage response to nano-HA and nano-SiHA
Themacrophage capability of playing both positive and negative
roles in disease processes and tissue remodelling after injury, has
been recently related to the diverse and context dependent macro-
phage phenotypes [6]. Thus, macrophages can be classified in two
types: proinflammatory and microbicidal ones (M1) and immuno-
modulatory and reparative ones (M2) [22]. The host response to
biomaterials depends on the balance between the M1 and M2
phenotypes, with participation of diverse specific cytokines.
RAW-264.7 is a mouse macrophage cell line retaining many of the
characteristics of macrophages in vivo [23]. Fig. 3 shows the results
concerning proliferation and phagocytic activity of murine
RAW-264.7 macrophages after 3 days of treatment with eitherTable 2
Lattice parameters and crystallite sizes obtained from Rietveld refinements.
Sample Lattice parameters (Å) Crystallite size along [100] (nm
Nano-HA a = 9.4209 (1) 27.6
c = 6.8841 (1)
Nano-SiHA a = 9.4236 (1) 19.1
c = 6.8875 (1)
a The values in brackets for mean crystallite size do not make reference to the measunano-HA or nano-SiHA (1 mg/ml). RAW-264.7 growth was signifi-
cantly delayed by both hydroxyapatites in comparison with cells
cultured in the absence of material (Fig. 3A, p < 0.005). Both mate-
rials also produced a significant decrease in phagocytic activity of
RAW-264.7 cells (p < 0.005), although these cells continued phago-
cyting when in contact with either nano-HA or nano-SiHA (Fig. 3B).
No significant alterations in cell viability and SubG1 fraction reveal
that neither nano-HA nor nano-SiHA induced apoptosis of RAW-
264.7 cells (Table 3). No significant changes of reactive oxygen spe-
cies, widely used as macrophage signaling mediators [24], were ob-
served after treatment with these materials, thus indicating the
absence of oxidative stress in RAW-264.7 macrophages (Table 3).
The integrity of plasma membrane was demonstrated because no
significant increase of LDH levels in the culture medium was de-
tected (Table 3). No morphological alterations induced by these
nanocrystalline hydroxyapatites on these cells were observed
(Fig. 4). Studies with other cell types showed that silicon-doped
hydroxyapatite has biocompatibility and mechanical properties
comparable to HA but improved bioactivity which enhances bone
tissue growth rate [11,25–27]. Previous experiments carried out
with human Saos-2 osteoblasts cultured for 4 days in the presence
of 1 mg/ml of either nano-HA or nano-SiHA demonstrated that this
cell type proliferated in contact with both materials, but the cell
number was significantly lower than in controls. However, the
number of Saos-2 cells in contact with nano-SiHA was significantly
higher thanwith nano-HA, indicating that these cells grow better in
the presence of nano-SiHA. This result was also observed by Scan-
ning Electron Microscopy (SEM) when Saos-2 osteoblasts were cul-
tured for 4 days on surface of both nano-HA and nano-SiHA disks.
SEM images demonstrated that Saos-2 cells adhere to the nano-
SiHA disks, proliferate and colonize their surface better than on
HA disks. Although low levels of apoptosis were obtained in human
Saos-2 osteoblasts after contact with these materials, this cell type
showed a slight increase of cell apoptosis in the presence of nano-
HA (2.1%) in comparison to nano-SiHA (0.4%) and control cells
(0.3%). Intracellular ROS content did not show alteration in the
presence of thesematerials, thus indicating no oxidative stress [11].) Crystallite size along [001] (nm) Mean crystallite sizea (nm)
48.2 30 (8)
32.9 22 (6)
rement errors, but are an estimation of the crystal size anisotropy.
Fig. 3. Effects of nano-HA and nano-SiHA on proliferation (A) and phagocytosis (B) of murine RAW-264.7 macrophages after 3 days treatment. p < 0.005.
Table 3
Effects of nano-HA and nano-SiHA on cell viability, apoptosis, ROS production and
LDH release into the culture medium of murine RAW-264.7 macrophages after 3 days
treatment.
Control Nano-HA Nano-SiHA
Viability (%) 83.3 ± 1.8 77.1 ± 3.1 84.3 ± 0.1
Apoptosis (%) 2.6 ± 0.3 1.4 ± 0.1 1.9 ± 1.3
ROS (a.u.) 403.1 ± 104.0 310.8 ± 75.6 308.9 ± 105.5
LDH (U/L) 16.1 ± 2.9 25.8 ± 11.8 22.2 ± 8.2
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on a cellular model more similar to the in vivo situation, fresh
murine macrophages were obtained from the peritoneum of un-
treated mice and were cultured for 3 days in the presence of either
nano-HA or nano-SiHA (1 mg/ml) to measure cell proliferation,
phagocytic activity and release of inflammatory cytokines (IL-6,
TNF-a). Fig. 5A shows a significant proliferation decrease of fresh
murine macrophages induced by both hydroxyapatites
(p < 0.005). Nano-SiHA material also produce a significant decrease
in phagocytosis of these cells (p < 0.005) whose activity is not
affected by nano-HA (Fig. 5B). In spite of this decrease inducedFig. 4. Morphology evaluation by confocal microscopy of murine RAW-264.7 macropha
material are also included (A). Detail of RAW-264.7 cells in the presence of nano-SiHA (by SiHA, fresh macrophages continue phagocyting when they are
in contact with this material (Fig. 6A and B). The different effect
of nano-HA on RAW and fresh macrophages can be due to the high-
er values of phagocytosis obtained with fresh macrophages which
always showed higher fluorescence values (Fig. 5B) than RAW
macrophages (Fig. 3B). This fact can be associated with a lower
sensitivity to nano-HA of fresh macrophages although the phago-
cytic activity of these cells was affected by nano-SiHA.
Since the hydroxyapatite bioactivity could produce the seques-
tration of calcium in the extracellular medium, and taking into
account that the Ca2+ ion plays a crucial role in cell processes
[28], Ca2+ levels were measured in the culture medium. Fig. 7
shows a significant Ca2+ decrease in the culture medium produced
by both nano-HA and nano-SiHA, more pronounced with nano-
SiHA, in agreement with the higher bioactivity of this material
[27]. The observed sequestration of extracellular calcium can be
partially responsible of the lower proliferation produced by
nano-HA and nano-SiHA, as it has been described in other cell
types [29]. Concerning the possible effect of extracellular calcium
depletion on phagocytosis, some studies have shown that macro-
phages can still phagocyte in the absence of calcium through Fc
receptor mediated pathways [30]. On the other hand, the changesges after 3 days treatment with nano-HA (B) and nano-SiHA (C). Controls without
D).
Fig. 5. Effects of nano-HA and nano-SiHA on proliferation (A) and phagocytosis (B) of murine fresh macrophages after 3 days treatment. p < 0.005.
Fig. 7. Effects of nano-HA and nano-SiHA on Ca2+ levels in the culture medium after
3 days treatment. p < 0.05.
Fig. 6. Morphology evaluation by confocal microscopy of phagocytosis of rabbit IgG-FITC-coated latex beads (in green) by murine fresh macrophages after 3 days treatment
with nano-SiHA. (A) Panoramic image. (B) Detail of the macrophage phagocyting activity. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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by the dynamic flow conditions of the body fluids [31].
It is well known that interleukin 6 (IL-6) and tumor necrosis fac-
tor alpha (TNF-a) are major inflammatory cytokines and play a
crucial role in infection, inflammation and stress responses. For
this reason, the release of IL-6 and TNF-a by fresh mouse macro-
phages was measured after 3 days of treatment with these materi-
als. Fig. 8A shows significant increases of IL-6 induced by nano-HA
(p < 0.05) and nano-SiHA (p < 0.005). Both materials also triggered
a significant TNF-a increase (Fig. 8B), which was more pronounced
with nano-HA (p < 0.005) than with nano-SiHA (p < 0.05). These
results evidence the early in vitro response of macrophages to both
nanocrystalline hydroxyapatites, suggesting that, after in vivo
implantation, these biomaterials might induce activation of the in-
nate immune system and production of pro-inflammatory
cytokines. Although further studies are needed to elucidate the
long-term response of macrophages to these materials, an in vivo
study evidenced the moderate IL-6 and IL-8 expression in bone
cells and rich IL10-containing cells distribution after 8 months of
hydroxyapatite implantation [32]. This fact reveals the switch ofpro-inflammatory macrophage phenotype (M1) to reparative phe-
notype (M2) expressing high levels of IL-10 [6] and indicates the
resolution of inflammatory phase at longer times.3.3.2. Lymphocyte response to nano-HA and nano-SiHA
T lymphocytes also play an important regulatory role in the res-
olution of the inflammatory process through local secretion of
cytokines and chemokines, many of which are known to affect
macrophage polarization [6]. In order to know the nano-HA and
nano-SiHA effects on T lymphocytes as specific cells involved in
adaptive immune response, SR.D10 cells were cultured in the pres-
ence of these materials (1 mg/ml). SR.D10 [18] is a clone obtained
from the murine CD4+ Th2 cell line D10.G4.1 [19] specific for Con-
albumin fragment 134–146, bound to I-Ak class II major histocom-
patibility complex molecules. SR.D10 cells provide a convenient
system to test in vitro lymphocyte activation which has been lar-
gely used as a model of T cell proliferation and signalling [33,34].
These T cells have been previously used for biocompatibility test-
ing of different bioceramics [4]. Although non-significant differ-
ences were observed on proliferation and viability of SR.D10
lymphocytes after 3 days treatment (Fig. 9A and B), a significant in-
crease of Sub G1 fraction, indicative of cell apoptosis, is produced
by both hydroxyapatites. This effect is accompanied by significant
decreases of both S and G2M fractions (Fig. 10).
Programmed cell death (apoptosis) is a key mechanism for reg-
ulating lymphocyte number. In T lymphocytes, two major mecha-
nisms have been described involving: (a) the activation of T cell
through Fas, which leads to the caspase-8 and caspase-3 induction,
and (b) the loss of mitochondrial integrity controlled by members
of the BcL-2 family proteins [35]. Other molecules that regulate
this death process include the leukocyte common antigen CD45,
which has been shown to be essential for normal signaling through
the T cell receptor (TCR) and for modulating signaling through
Fig. 8. Effects of nano-HA and nano-SiHA on IL-6 (A) and TNF-a (B) release by murine fresh macrophages after 3 days treatment. p < 0.05, p < 0.005.
Fig. 9. Effects of nano-HA and nano-SiHA on proliferation (A) and viability (B) of SR.D10 lymphocytes after 3 days treatment.
Fig. 10. Effects of nano-HA and nano-SiHA on cell cycle phases of SR.D10 lymphocytes after 3 days treatment. p < 0.05, p < 0.005.
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variant of the murine CD4+ T helper cell clone which is hyperreac-
tive to TCR dependent and-independent stimuli. This hyperreactiv-
ity is related to the expression of several cell surface molecules
involved in T cell activation as CD45 RB receptor, abundantly ex-
pressed in SR.D10 [18]. The high levels of T cell apoptosis observed
in the present study could be explained by the abundant expres-
sion of this receptor that favors this death process through Fas
and TCR-induced apoptosis [36]. The presence of either nano-HA
or nano-SiHA produces a significant increase of SR.D10 apoptosis
probably through these mechanisms.
All these studies and previous results obtained with many dif-
ferent biomaterials demonstrate different cellular responses whichare dependent on each biomaterial and depending on each cell
type [37–39].4. Conclusions
The in vitro evaluation of the early immune response to nano-
crystalline hydroxyapatites evidences significant decreases of mac-
rophage proliferation and phagocytic activity. These biomaterials
also induce the production of the pro-inflammatory cytokines IL-
6 and TNF-a by murine fresh macrophages and trigger apoptosis
mechanisms in SR.D10 T lymphocytes. The study of the early im-
mune response is the first step to know whether a phenotypic
66 M.C. Matesanz et al. / Journal of Colloid and Interface Science 416 (2014) 59–66switch of pro-inflammatory (M1) to reparative macrophages (M2)
occurs in the presence of these materials. The results obtained will
be used in further studies to elucidate the long-term response of
immune cells to these nanocrystalline hydroxyapatites which con-
ditions the biomaterial success or rejection. The detection of spe-
cific macrophage markers and cytokines will allow a better
understanding of the effects at longer times of these biomaterials
on the equilibrium of these two distinct macrophage subsets which
represents a key factor for establishing their applicability for bone
Tissue Engineering.
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dependiente  de  procesos  de  formación  y  resorción  llevados  a  cabo  por  osteoblastos  y 
osteoclastos  respectivamente.  Un  incremento  en  la  actividad  resortiva  de  los  osteoclastos 
puede  dar  lugar  a  patologías  como  la  osteoporosis.  Esta  enfermedad  implica  la 
desmineralización  y  pérdida  generalizada  de  la  masa  ósea,  así  como  un  deterioro  de  la 
microarquitectura  del  hueso  produciendo  una mayor  susceptibilidad  a  fracturas  óseas  que 
disminuyen enormemente  la calidad de vida. La alteración del proceso de  remodelado óseo 
durante  la  osteoporosis  no  se  conoce  con  detalle,  por  lo  que  son  numerosos  los  estudios 





que  dan  lugar  a  células  mononucleares  circulantes  denominadas  unidades  formadoras  de  
colonias de granulocitos y macrófagos (CFU‐GM) cuya proliferación es estimulada por el factor 
estimulador de  colonias  (M‐CSF).  Por otra parte, el  ligando del  receptor  activador del  factor 











El  estudio  de  diferentes  parámetros  de  osteoclastogénesis  mediante  microscopía 
confocal como la existencia de múltiples núcleos, numerosos podosomas y formación del anillo 













Otros  parámetros  evaluados  (contenido  intracelular  de  ROS,  calcio  intracelular, 





Todos  estos  resultados,  junto  con  los  obtenidos  con  osteoblastos  y  células  de  la  
respuesta  inmune,  indican el elevado potencial de nano‐SiHA como biomaterial biocompatible 
para  la modulación del remodelado óseo, previniendo  la resorción y estimulando  la formación 
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effects on osteoclast differentiation and resorptive
activity
Mar´ıa Concepcio´n Matesanz,a Javier Linares,ac Isabel Lilue,a Sandra Sa´nchez-
Salcedo,bc Mar´ıa Jose´ Feito,a Daniel Arcos,bc Mar´ıa Vallet-Reg´ıbc
and Mar´ıa Teresa Portole´s*a
In the present study, the effects of nanocrystalline hydroxyapatite (nano-HA) and nanocrystalline Si-
substituted hydroxyapatite (nano-SiHA) on osteoclast differentiation and resorptive activity have been
evaluated in vitro using osteoclast-like cells. The action of these materials on proinflammatory and
reparative macrophage populations was also studied. Nano-SiHA disks delayed the osteoclast
differentiation and decreased the resorptive activity of these cells on their surface, as compared to nano-
HA samples, without affecting cell viability. Powdered nano-SiHA also induced an increase of the
reparative macrophage population. These results along with the beneficial effects on osteoblasts
previously observed with powdered nano-SiHA suggest the potential of this biomaterial for modulating
the fundamental processes of bone formation and turnover, preventing bone resorption and enhancing
bone formation at implantation sites in treatment of osteoporotic bone and in bone repair and regeneration.1. Introduction
Bone is a dynamic tissue in continuous remodelling which
depends on resorption and new bone formation processes
carried out by osteoclasts and osteoblasts respectively, working
together in basic multicellular units. The main purpose of bone
remodelling is to repair micro-fractures and maintain mineral
homeostasis by providing access to stores of calcium and
phosphate.1 Imbalances in bone turnover lead to bone loss and
development of osteoporosis and ultimately fracture. Thus,
osteoclasts, as principal bone-resorbing cells, are involved in
the pathogenesis of various bone diseases, including osteopo-
rosis.2,3 Severe bone loss due to excessive bone resorption is also
observed in bacterial infection-related inammatory diseases,
such as periodontitis, osteomyelitis, and some types of
arthritis.4 Osteoclasts are multinucleated giant cells which
differentiate from hematopoietic stem cells (HSCs) through
different consecutive steps regulated by several growth factors
and cytokines expressed by different cell types present in
bone.5–7 HSCs give rise to circulating mononuclear cells termed
colony forming unit-granulocyte/macrophage (CFU-GM) whose
proliferation is stimulated by macrophage/monocyte-colonyr Biology I, Faculty of Chemistry, UCM,
m.ucm.es
Chemistry, Faculty of Pharmacy, UCM,
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–2919forming factor (M-CSF), maintaining a pool of mononuclear
cells in monocyte/macrophage lineage which are osteoclast
precursors.8,9 These mononuclear precursors are attracted to
the resorption sites, where they will then attach onto the bone
matrix to differentiate into prefusion osteoclasts with the
stimulation of M-CSF and the receptor activator of nuclear
factor kappa-B ligand (RANKL). RANKL is a protein found on
the surface of the osteoblastic lineage cells, which may also be
cleaved into a soluble form by metalloproteinases. RANKL
interacts with its receptor, RANK, expressed on the surface of
hematopoietic precursor cells thereby promoting osteoclast
formation and maintaining their viability and activity. The
continuous stimulation of M-CSF and RANKL induces the
further differentiation of the prefusion osteoclasts which, by
fusion, become multinucleated cells. The formation of a
“ruffled membrane”, critical for bone resorption, is also stim-
ulated by RANKL which promotes the survival of mature oste-
oclasts.8,10 Resorption implies an initial tight attachment of
osteoclasts to the bone surface to create the “sealing zone”, rich
in F-actin. The osteoclast thus isolates the resorptive space from
the surrounding bone.11,12 The ruffled border is formed by
fusion of intracellular acidic vesicles which form nger-like
projections inside the sealing zone. The vesicles contain a
cocktail of matrix-degrading enzymes (such as cathepsin K),
hydrogen ions (H+) and chloride ions (Cl) which are released
into the resorption lacunae and are responsible for acidication
to a pH of around 4.5.13–15 This process produces the dissolution
of the bone mineral component and enhances the enzymatic
activity on the organic matrix. The degraded bone matrix isThis journal is © The Royal Society of Chemistry 2014
Paper Journal of Materials Chemistry Bendocytosed from the resorption lacunae and transported by
transcytotic carriers to the functional secretory domain, where it
is released into the extracellular environment.16,17 Although
these mechanisms of osteoclast action for bone resorption are
well known, the bone remodelling process is not yet completely
understood when osteoporosis is present.18 Pathological frac-
tures are the natural consequence of osteoporosis and, for this
reason, much attention has been paid to fracture prevention
through pharmacological and physical therapies. However, less
attention has been directed at the study of orthopaedic
biomaterials behaviour when implanted in osteoporotic bone.19
In fact, there are no clinically approved biomaterials specically
tailored for application in osteoporotic bones. Certainly, there
are some examples of medical devices for osteosynthesis with
special designs, but they are made of the same biomaterials as
the conventional ones.19 Biomaterials that enhance the osteo-
genic function while decreasing the osteoclast-mediated
resorption would be of great interest in fabricating implants
specially tailored for osteoporotic patients. In this sense,
nanocrystalline silicon substituted hydroxyapatites (nano-SiHA)
could play a signicant role for this biomedical purpose. In
1999, Gibson et al. proposed SiHA as an improved bioceramic
with respect to stoichiometric hydroxyapatite.20 Thereaer, in vivo
studies demonstrated that the bioactivity of HA was improved
with the incorporation of Si.21 This fact is explained in terms of a
higher solution-mediated degradation of the apatite phase due to
the silicate presence within the crystalline structure, higher
solubility at the grain boundary and an up-regulation in osteo-
blast cell metabolism in the early stages of bone formation.22–27
Since then, Si-substituted HAs have attracted the attention of
many researchers and have recently been incorporated to the
biomaterials market for spinal, orthopaedic, periodontal, oral
and craniomaxillofacial applications. SiHAs approved for clinical
use are highly crystalline bioceramics treated at high tempera-
tures. However, the possibility of enhancing the bioceramics
bioreactivity through their preparation as nanocrystalline
compounds has been suggested.28,29 Higher surface area and
smaller crystal size could thus provide very interesting bio-
responses, especially in SiHA as the osteogenic effect of silicon is
mainly explained by its location at the crystal boundaries.22,23
In vitro cell cultures help to understand the interaction of
bone remodeling cells with biomaterials.30 In the case of SiHA
based bioceramics, the majority of in vitro studies are focused
on the interaction of sintered and highly crystalline Si-HA with
osteoblasts,31–33 and little is known about the interaction of
highly crystalline SiHA with bone resorbing osteoclasts.34,35 The
interactions of nanocrystalline SiHA with osteoblasts have been
also studied by Thian et al.28,36 However, to the best of our
knowledge, there are no studies concerning osteoclast interac-
tions with nanocrystalline SiHA. Since bone remodelling
depends on resorption and new bone formation processes
carried out by osteoclasts and osteoblasts respectively, in the
present study we aimed to know the behaviour of osteoclasts on
both nano-HA and nano-SiHA disks, evaluating their differen-
tiation and resorptive activity in vitro. The results herein pre-
sented open new possibilities for tailoring biomaterials
specially aimed for osteoporotic bone treatment.This journal is © The Royal Society of Chemistry 2014On the other hand, cells with osteoclastogenic potential also
exist in blood and peripheral hematopoietic organs and a
common progenitor for osteoclasts, macrophages, and
dendritic cells from murine bone marrow has been recently
characterized.37 The capacity of macrophages to play both
positive and negative roles in disease processes and tissue
remodeling aer injury has been recently related to the
balance between the proinammatory (M1) and immuno-
modulatory/reparative (M2) macrophage phenotypes, with
participation of diverse specic cytokines.38,39 Recent studies
demonstrate the potential of biomaterials to modulate the
immune cell function, suggesting the possibility of designing
biomaterials capable of eliciting appropriate immune
responses at implantation sites.40
Previous studies have shown that Saos-2 osteoblasts grow
better on nanocrystalline SiHA (nano-HA) disks than on nano-
crystalline HA (nano-HA) disks. Since bone remodelling
depends on resorption and new bone formation processes
carried out by osteoclasts and osteoblasts respectively, in the
present study we aimed to know the behaviour of osteoclasts on
both nano-HA and nano-SiHA disks, evaluating their differen-
tiation and resorptive activity in vitro. With this purpose, oste-
oclast-like cells have been differentiated for the rst time on
these substrates by treatment of RAW-264.7 macrophages with
M-CSF and RANKL. The U0126 inhibitor of MAPKs (MEK) was
used to potentiate the differentiation process.
2. Materials and methods
2.1. Nanocrystalline hydroxyapatite and silicon substituted
hydroxyapatite synthesis
Samples of pure and silicon substituted HA were prepared by
aqueous precipitation reaction of Ca(NO3)2$4H2O, (NH4)2HPO4
and tetraethyl orthosilicate Si(CH3CH2O)4 (TEOS) solutions.
The amounts of reactants were calculated on the assumption
that phosphorus would be substituted by silicon. Two different
compositions have been prepared with nominal formula
Ca10(PO4)6x(SiO4)x(OH)2x, with x ¼ 0 and 0.25 for nano-HA
and nano-SiHA samples, respectively, as previously reported by
Arcos et al.26 Briey, 1 M Ca(NO3)2$4H2O solution was added to
(NH4)2HPO4 and TEOS solutions of stoichiometric concentra-
tion to obtain the compositions described above. The mixture
was stirred for 12 hours at 80 C. During the reaction the pHwas
continuously adjusted to 9.5 to ensure constant conditions
during the synthesis. The as-precipitated powders were milled,
sieved and treated at 700 C for 2 hours under an air atmo-
sphere to remove the nitrates without introducing important
changes in the crystallite size with respect to the as-precipitated
powder. The HA and Si-HA particles thus obtained have a
diameter ranging in size from 10 to 100 micrometers, as could
be measured with a particle size analyser Sedigraph 5100 (data
not shown). X-ray diffraction (XRD) patterns were recorded with
a Philips X'Pert diffractometer using the Cu Ka radiation
(wavelength 1.5406 A˚). Crystallite sizes were calculated using
the Scherrer equation for different diffractionmaxima. The XRD
pattern collected from a well crystallized LaB6 sample was used
as standard.J. Mater. Chem. B, 2014, 2, 2910–2919 | 2911
Journal of Materials Chemistry B Paper2.2. Preparation of nano-HA and nano-SiHA disks
Fractions of 300mg of the as-precipitated powders of HA and Si-
HA materials were milled, sieved and pressed into disk-shape
(11 mm diameter, 2 mm height) by means of 3 tons of uniaxial
pressing. Thereaer the disks were treated at 700 C for two
hours under an air atmosphere.2.3. Culture of RAW-264.7 macrophages and treatment with
nano-HA or nano-SiHA
RAW-264.7 cells were seeded on 6 well culture plates (CULTEK
S.L.U., Madrid, Spain) at a density of 105 cells per ml in Dul-
becco's Modied Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS, Gibco, BRL), 1 mM L-glutamine
(BioWhittaker Europe, Belgium), penicillin (200 mg ml1, Bio-
Whittaker Europe, Belgium), and streptomycin (200 mg ml1,
BioWhittaker Europe, Belgium), under a CO2 (5%) atmosphere at
37 C for 24 h. Then, 1 mg ml1 of either nano-HA or nano-SiHA
were added to cultured RAW-264.7 and maintained under a CO2
(5%) atmosphere at 37 C for 24 h. Parallel control experiments
were carried out in the absence of material. Aer this treatment,
the attached cells were washed with PBS and harvested using cell
scrapers. Then, 10 ml of the cell suspensions were counted with a
Neubauer hemocytometer for the analysis of cell proliferation
and cell suspensions were centrifuged at 310  g for 10 min and
resuspended in fresh medium for the analysis of different
parameters by ow cytometry as described below (Section 2.6).2.4. Osteoclast differentiation on nano-HA and nano-SiHA
disks
Murine RAW-264.7 macrophages were seeded on either nano-HA
or nano-SiHA disks, previously introduced into 24 well culture
(CULTEK S.L.U., Madrid, Spain), at a density of 2  104 cells per
ml in Dulbecco's Modied Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS, Gibco, BRL), 1 mM
L-glutamine (BioWhittaker Europe, Belgium), penicillin (200 mg
ml1, BioWhittaker Europe, Belgium), and streptomycin (200 mg
ml1, BioWhittaker Europe, Belgium). In order to stimulate
osteoclast differentiation, 40 ng ml1 of mouse RANK Ligand
recombinant protein (TRANCE/RANKL, carrier-free, BioLegend,
San Diego), 25 ng ml1 recombinant human macrophage-colony
stimulating factor (M-CSF,Millipore, Temecula) andU0126 (5 mM
Promega, Madison, WI, USA) were added to the culture medium.
Cells were cultured under a CO2 (5%) atmosphere and at 37 C for
21 days, renewing culture medium every 5–7 days. Aer 21 days
culture on nano-HA and nano-SiHA disks, cells were washed with
PBS, harvested using PBS-EDTA over 10 min and counted using a
Neubauer hemocytometer. Cell suspensions were then centri-
fuged at 310  g for 10 min and resuspended in fresh medium
for the analysis of different parameters by ow cytometry as
described below (Section 2.5).2.5. Flow cytometry studies
Aer incubation with different probes, as is described below,
the conditions for the data acquisition and analysis were
established using negative and positive controls with the2912 | J. Mater. Chem. B, 2014, 2, 2910–2919CellQuest Program of Becton Dickinson. These conditions were
maintained for all the experiments. At least 10 000 cells were
analyzed in each sample.
2.5.1. Cell cycle analysis and apoptosis detection. Cell
suspensions were incubated with Hoechst 33258 (PolySciences,
Inc., Warrington, PA) (Hoechst 5 mg ml1, ethanol 30%, and BSA
1% in PBS), used as a nucleic acid stain, for 30 min at room
temperature in darkness. The uorescence of Hoechst was
excited at 350 nm and the emitted uorescence wasmeasured at
450 nm in a LSR Becton Dickinson Flow Cytometer. The cell
percentage in each cycle phase: G0/G1, S and G2/M was calcu-
lated with the CellQuest Program of Becton Dickinson and the
SubG1 fraction was used as indicative of apoptosis.
2.5.2. Intracellular reactive oxygen species (ROS) content
and cell viability. Cells were incubated at 37 C for 30 min with
100 mM 20,70-dichlorouorescein diacetate (DCFH/DA, Serva,
Heidelberg/Germany) for directly measuring the intracellular
content of ROS. DCFH/DA is diffused into cells and is deacety-
lated by cellular esterases to non-uorescent DCFH, which is
rapidly oxidized to highly uorescent DCF by ROS. To measure
the intracellular reactive oxygen species (ROS), the DCF uores-
cence was excited using a 15 mW laser tuned to 488 nm and the
emitted uorescence wasmeasured with a 530/30 band pass lter
in a FACScalibur Becton Dickinson Flow Cytometer. Cell viability
was determined by the propidium iodide (PI) exclusion test and
ow cytometry aer addition of PI (0.005% in PBS, Sigma-Aldrich
Corporation, St. Louis, MO, USA) to stain the DNA of dead cells.
2.5.3. Intracellular calcium content. Cell suspensions were
incubated with the probe Indo-1 AM at a concentration of 10 mM
for 30 min at room temperature, in darkness and with shaking.
The uorescence of Indo-1 was excited at 325 nm and the
emitted uorescence was measured with 380 nm long pass
(FL1) and 424/44 nm band pass (FL2) lters in a LSR Becton
Dickinson ow cytometer. Aer all the measurements, 10 mM A-
23187 ionophore (Enzo Life Sciences) was added in order to test
the sensitivity of the assay.
2.6. Morphological studies by confocal microscopy
Cells cultured on nano-HA and nano-SiHA disks were xed with
3.7% paraformaldehyde in PBS for 10 min, washed with PBS
and permeabilized with 0.1% Triton X-100 for 3 to 5 min. The
samples were then washed with PBS and preincubated with PBS
containing 1% BSA for 20 to 30 min. Then cells were incubated
for 20 min with FITC phalloidin (Dilution 1 : 40, Molecular
Probes) to stain F-actin laments. Samples were then washed
with PBS and the cell nuclei were stained with DAPI (40-6-dia-
midino-20-phenylindole, 3 mM in PBS, Molecular Probes). Aer
staining and washing with PBS, cells were examined using a
LEICA SP2 Confocal Laser Scanning Microscope. The uores-
cence of FITC was excited at 488 nm and the emitted uores-
cence was measured at 491–586 nm. DAPI uorescence was
excited at 405 nm and measured at 420–480 nm.
2.7. Morphological studies by scanning electron microscopy
Scanning electron microscopy and EDX spectroscopy were
carried out with a JEOL JSM-6400 scanning electronThis journal is © The Royal Society of Chemistry 2014
Fig. 1 Scanning electron micrographs (magnification  2000)
obtained from disks of nano-HA (A) and nano-SiHA (B). Scanning
electron micrographs (magnification  10 000) obtained from disks of
nano-HA (C) and nano-SiHA (D). EDX spectra corresponding to nano-
HA (E) and nano-SIHA (F).
Paper Journal of Materials Chemistry Bmicroscope. Since gold coatings overlap with the phosphorous
signal in the EDX analysis, Nano-HA and Nano-SiHA disks were
coated with graphite.
Cells cultured on nano-HA and nano-SiHA disks were xed
with glutaraldehyde (2.5% in PBS) for 45 min. Sample dehy-
dration was performed by slow water replacement using a series
of ethanol solutions (30, 50, 70, 90%) for 15 min with the nal
dehydration in absolute ethanol for 30 min, allowing samples to
dry at room temperature and under vacuum. Aerwards, the
pieces were mounted on stubs and coated in a vacuum with
gold-palladium.
2.8. Observation of osteoclast resorption cavities by
scanning electron microscopy
To observe the geometry of resorption cavities produced by
osteoclasts on the surface of nano-HA and nano-SiHA disks,
cells were detached aer 21 days culture on these biomaterials
and disks were dehydrated, coated with gold-palladium (as in
Section 2.8) and examined with a JEOL JSM-6400 scanning
electron microscope.
2.9. Inammatory cytokine detection
The amounts of TNF-a and IL-6 in the culture medium were
quantied by ELISA (Gen-Probe, Diaclone), carried out accord-
ing to the manufacturer's instructions.
2.10. Statistics
Data are expressed as means + standard deviations of one
representative experiment out of three experiments carried out
in triplicate. Statistical analysis was performed using the
Statistical Package for the Social Sciences (SPSS) version 19
soware. Statistical comparisons were made by analysis of
variance (ANOVA). The Scheffe´ test was used for post hoc
evaluations of differences among groups. In all of the statis-
tical evaluations, p < 0.05 was considered as statistically
signicant.
3. Results and discussion
Bone remodelling depends on the balance between osteoblastic
bone formation and osteoclastic bone resorption. Differentia-
tion and activity of both osteoblasts and osteoclasts are
precisely regulated processes and can greatly be inuenced by
the presence of a biomaterial.1 Thus, silicate nanoparticles have
been recently used in an animal model to stimulate bone
growth by inhibiting osteoclasts while enhancing the activity of
osteoblasts.41 However, little is known about the effects on
osteoclast differentiation/activity produced by the majority of
biomaterials designed for bone tissue. Silicon substituted
hydroxyapatites (Si-HA) are among the most interesting calcium
phosphates for bone repair with comparable biocompatibility
andmechanical properties to hydroxyapatite (HA) but improved
bioactivity which enhances the bone tissue growth rate.22–24,36,42
The benecial actions of Si-substituted calcium phosphates
have been recently revised, but the majority of studies con-
cerning the Si effects have focused on bone formation andThis journal is © The Royal Society of Chemistry 2014osteoblasts.31–33,43–47 In the present study, taking into account
that osteoclasts are derived from a monocyte/macrophage
precursor,37 the in vitro effects of nanocrystalline hydroxyap-
atite (nano-HA) and nanocrystalline silicon substituted
hydroxyapatite (nano-SiHA) on murine RAW-264.7 macro-
phages were analyzed, as was the capacity of these cells to
differentiate into mature osteoclasts on the surface of these
biomaterials in the presence of soluble RANKL and M-CSF in
the culture medium.
Fig. 1A and B depict the scanning electron micrographs
obtained from disks of nano-HA and nano-SiHA, respectively.
Both surfaces show large and irregular particles ranging in size
between 10 and 50 micrometers. These particles do not show
the typical polyhedral morphology of highly crystalline ceramics
treated at high temperature. In contrast, they exhibit irregular
shapes with incomplete sintered grain boundaries, as would
correspond to pressed powders treated at temperatures below
the sintering point.
SEM observations of the surfaces at higher magnications
(Fig. 1C and D) show that the large grains are formed by
nanoparticles leaving porosity at the nanoscale. This is due to
the low thermal treatment, which is clearly insufficient to lead
to the crystal growth of the as-precipitated nanocrystalline
powders. The micrographs also evidence the presence of mac-
ropores (larger than 50 nm) and surface defects that, from a
qualitative point view, seem to be more numerous in nano-SiHA
(Fig. 1D). Fig. 1E and F show the EDX spectra for nano-HA and
nano-SiHA, which agree with the chemical compositions
expected for the nominal formulae Ca10(PO4)6(OH)2 and
Ca10(PO4)5.7(SiO4)0.3(OH)1.7.J. Mater. Chem. B, 2014, 2, 2910–2919 | 2913
Fig. 3 Effect of 1 mg ml1 of powdered nano-HA and nano-SiHA on
proliferation (A) and intracellular ROS content (B) of RAW-264.7
macrophages after 1 day treatment. Control experiments without
material were carried out in parallel. ***p < 0.005.
Journal of Materials Chemistry B PaperFig. 2 shows the XRD patterns collected from nano-HA and
nano-SiHA aer being treated at 700 C. The XRD patterns
indicate that both samples are composed of a unique single
apatite phase without the presence of secondary calcium
phosphates, such as a or b tricalcium phosphates, which could
modify the materials solubility. The averaged crystallite size
values were 30.0 nm and 24.8 nm for nano-HA and nano-SiHA,
respectively. These crystallite sizes indicate that both
samples remain as nanocrystalline apatites aer the thermal
treatment at 700 C.
Fig. 3A shows macrophage proliferation values aer 1 day
culture with either nano-HA or nano-SiHA (1mgml1 in powder
form). As can be observed, both materials produced a signi-
cant decrease of RAW-264.7 cell proliferation in comparison
with controls in the absence of material. This effect has been
previously observed using cultured L929 broblasts, Saos-2
osteoblasts and MC3T3-E1 preosteoblasts.24,48
Increased reactive oxygen species (ROS) formation has been
described in response of macrophages to different hydroxyap-
atite dispersions.49 When the intracellular ROS content of RAW-
264.7 macrophages was evaluated by ow cytometry with the
probe DCFH/DA, aer 1 day treatment with either nano-HA or
nano-SiHA, a signicant increase induced by nano-HA wasFig. 2 XRD patterns of nano-HA and nano-SiHA. Miller indices cor-
responding to an apatite phase are indicated.
2914 | J. Mater. Chem. B, 2014, 2, 2910–2919observed at this short time of culture. However, macrophages
treated with nano-SiHA showed lower ROS values than control
(Fig. 3B), thus indicating a benecial action of Si-substituted
material in agreement with other studies.22–24,36,42,43
To know the possible effects of these biomaterials on
macrophage phenotypes, the analysis of two RAW-264.7 cell
populations, with high and low intracellular ROS contents, was
carried out in the samples by ow cytometry aer DCFH label-
ling. As can be observed in Fig. 4, the percentage of low ROS
population is signicantly higher in control and nano-SiHA
samples than in nano-HA treated cells, whereas the high ROS
population is signicantly higher in nano-HA compared with
nano-SiHA and control. The two populations observed can be
related to the proinammatory (M1, high ROS) and reparative
(M2, low ROS) macrophage phenotypes, whose balance has
been involved in the macrophage capacity to play both negative
and positive roles in disease processes and tissue remodelling
aer injury.38,39 Although further studies are necessary to
establish the effects of these nanocrystalline hydroxyapatites on
macrophage polarization, the results obtained suggest the
benecial role of nano-SiHA which could favour the reparative
population with low ROS content. In this sense, recent studies
suggest the potential of biomaterials to modulate immune
response at implantation sites.40
In order to evaluate the action of nano-HA and nano-SiHA on
osteoclast differentiation and resorptive activity in vitro,Fig. 4 Effect of 1 mg ml1 of powdered nano-HA and nano-SiHA on
RAW-264.7 macrophage populations concerning intracellular ROS
content after 1 day treatment. Control experiments without material
were carried out in parallel. ***p < 0.005.
This journal is © The Royal Society of Chemistry 2014
Fig. 6 Morphology evaluation by confocal microscopy of osteoclast-
like cells cultured on nano-SiHA disks, stained with DAPI (for the
visualization of the cell nuclei) and FITC phalloidin (for the visualization
of cytoplasmic F-actin filaments). Asterisks indicate the nuclei, thin
arrows the podosomes and thick arrows the F-actin ring of the “sealing
zone”.
Paper Journal of Materials Chemistry Bosteoclasts were differentiated by treatment of RAW-264.7
macrophages with M-CSF and RANKL on the surface of disks
prepared with these biomaterials. The U0126 inhibitor of
MAPKs (MEK) was used to potentiate the differentiation
process.50 As can be observed in Fig. 5 and 6, continuous
stimulation with these factors induces osteoclast-like cell
differentiation on both materials by fusion of macrophagic
precursors leading to multinucleated cells (asterisks indicate
the nuclei in the insets of Fig. 5A and B, and in Fig. 6D). The
formation of long and numerous nger-like projections (podo-
somes) was also observed (thin arrows in Fig. 5C and D and
Fig. 6), as well as the F-actin ring which allows creation of the
“sealing zone” (thick arrows in Fig. 5B and 6C), which is critical
for bone resorption.
All these morphological characteristics reveal osteoclasto-
genesis on these nanocrystalline hydroxyapatites in agreement
with other studies carried out with carbonate-substituted
hydroxyapatite.51 However, some differences were observed
between osteoclast-like cells differentiated on nano-HA and
nano-SiHA disks. A higher number of nuclei per cell was
observed on the nano-HA surface (asterisks in the insets of
Fig. 5A and B) than on nano-SiHA disks (asterisks in Fig. 6D).
The statistical analysis of the multinucleated cells showed 10%
of multinucleated cells on both materials. However, in contact
with nano-SiHA, these multinucleated cells contain two nuclei
and the multinucleated cells on nano-HA disks contain four or
ve nuclei. Although the formation of the F-actin ring and
podosomes, related to the denition of the sealing zone, was
observed on both materials, more organized podosomes were
evident in the cells differentiated on nano-HA (thin arrows in
Fig. 5C and D) than on nano-SiHA (thin arrows in Fig. 6C).
All these results reveal that nano-SiHA produces a delay in
the osteoclastogenesis probably due to the presence of Si. InFig. 5 Morphology evaluation by confocal microscopy of osteoclast-
like cells cultured on nano-HA disks, stained with DAPI (for the visu-
alization of the cell nuclei) and FITC phalloidin (for the visualization of
cytoplasmic F-actin filaments). Asterisks indicate the nuclei, thin
arrows the podosomes and thick arrows the F-actin ring of the “sealing
zone”.
This journal is © The Royal Society of Chemistry 2014this sense, experiments with RAW-264.7 macrophages demon-
strate that Si affects the late stages of differentiation and fusion
of osteoclasts, causing a signicant inhibition of osteoclast
phenotypic gene expressions, osteoclast formation and bone
resorption in vitro.52
Fig. 7 shows the proliferation (A) and cell viability (B) of
osteoclast-like cells differentiated on nano-HA and nano-SiHA
disks. As it can be observed in Fig. 7A, the cell growth on the
nano-SiHA surface was signicantly lower than that on nano-HA
disks aer 21 days. However, high viability values on both
biomaterials (up 80%) were obtained (Fig. 7B). The signicant
decrease of osteoclast proliferation produced by nano-SiHA,
probably due to the presence of Si, is in agreement with the
powdered nano-SiHA action on RAW-264.7 cells (Fig. 3A), and
can be related to the same origin of both cell types from a
monocyte/macrophage precursor.37 Previous results have shown
a signicant Ca2+ decrease in the culture medium produced by
both nano-HA and nano-SiHA, more pronounced with nano-
SiHA, in agreement with the higher bioactivity of this mate-
rial.42,53 The observed sequestration of extracellular calcium canFig. 7 Proliferation (A) and cell viability (B) of osteoclast-like cells
cultured on nano-HA and nano-SiHA disks. ***p < 0.005.
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Fig. 9 Effect on apoptosis (A), ROS production (B) and cytosolic Ca2+
(C) of osteoclast-like cells cultured on nano-HA and nano-SiHA disks.
*p < 0.05.
Journal of Materials Chemistry B Paperbe partially responsible for the lower proliferation of osteoclasts
on nano-SiHA observed in the present study. Recently, it has
been observed that bioglass 45S5 particles cause a signicant
reduction of osteoclast-like cells in both the marrow cultures
and RAW-264.7 cells, suggesting a direct inhibitory effect of Si
on the osteoclast precursors that is not due to cell toxicity.52
However, previous studies with Saos-2 osteoblasts showed that
the number of Saos-2 cells aer 4 days culture in contact with
nano-SiHA was signicantly higher than with nano-HA, indi-
cating that this cell type grows better in the presence of nano-
SiHA. This result was also observed by Scanning Electron
Microscopy (SEM) when Saos-2 osteoblasts were cultured for 4
days on the surface of both nano-HA and nano-SiHA disks. SEM
images demonstrated that Saos-2 cells adhere to the nano-SiHA
disk, proliferate and colonize its surface better than on nano-HA
disks.24 Previous studies also showed that osteoblasts cultured
on the nano-SiHA surface showed the typical bone cell
morphology, cube-shape, and big sized, joining other cells to
construct a net through strong cellular union.24 Adhesion and
proliferation processes are good indicators of the cell response
that could be expected when a biomaterial is used in vivo. Thus,
the previous results obtained with osteoblasts cultured on
nano-SiHA disks indicate a good biocompatibility and an
adequate interaction of osteoblasts with nano-SiHA materials.
Since proliferation is dependent on the cell cycle progres-
sion, in which cells pass through the G0/G1 phase (quiescence/
gap 1) to the S phase (synthesis) and nally to the G2/M phase
(gap 2 and mitosis), the cell cycle phases of osteoclast-like cells
cultured on nano-HA disks and nano-SiHA disks were analysed.
No signicant changes were observed (Fig. 8), demonstrating
that these materials do not produce toxicity on osteoclast-like
cells, in agreement with the results obtained from the propi-
dium iodide exclusion test (Fig. 7B). The analysis of the SubG1
fraction, corresponding to cells with fragmented DNA, reveals
low apoptosis levels induced by both materials (Fig. 8) but
slightly higher on nano-SiHA than on nano-HA (Fig. 9A).Fig. 8 Effect on cell cycle phases of osteoclast-like cells cultured on
nano-HA disks (A) and nano-SiHA disks (B).
2916 | J. Mater. Chem. B, 2014, 2, 2910–2919Intracellular ROS and Ca2+ play essential roles in osteoclas-
togenesis.54 Thus, following stimulation with RANKL, the pre-
osteoclasts increase intracellular ROS by activation of NADPH
oxidase (Nox) homologs or by increased mitochondria ROS
production, which subsequently induced long lasting Ca2+
oscillations.54–56 In the present study both intracellular ROS and
Ca2+ contents of osteoclast-like cells cultured on nano-HA disks
and nano-SiHA disks were analyzed by ow cytometry and
higher values of both parameters were obtained in cells
cultured on nano-SiHA than on nano-HA (Fig. 9B and C). These
results could suggest the existence of a differentiation delay
produced by nano-SiHA on RAW-264.7 cells, in agreement with
the morphological characteristics observed by confocal
microscopy (Fig. 5 and 6).
Fig. 10 shows the morphology of RAW-264.7 macrophages
differentiated into osteoclast-like cells cultured on nano-HA
disks (Fig. 10A and B) and nano-SiHA disks (Fig. 10C and D), as
determined by Scanning Electron Microscopy (SEM). These
SEM studies demonstrate the presence of cells attached on both
surfaces, presenting typical characteristics of osteoclasts with
many longer podosomes.
In order to evaluate the geometry of the resorption cavities
le by osteoclast-like cells cultured on nano-HA and nano-SiHA
samples, the surfaces of these materials were analyzed by SEM
aer cell detachment. As can be observed in Fig. 11, osteoclasts
cultured on nano-HA disks demonstrate higher resorptive
activity (Fig. 11A and B) than on nano-SiHA disks (Fig. 11C and
D) aer 21 days culture in the presence of RANKL, M-CSF and
U0126. Resorption cavities on the nano-HA surface present
higher size than on the nano-SiHA surface which shows
spherical cavities (inset in Fig. 11D). The statistical analysis ofThis journal is © The Royal Society of Chemistry 2014
Fig. 10 Morphology evaluation by scanning electron microscopy of
osteoclast-like cells cultured on nano-HA disks (A and B) and nano-
SiHA disks (C and D).
Fig. 11 Morphology evaluation by scanning electron microscopy of
the resorption cavities left by osteoclast-like cells cultured on nano-
HA disks (A and B) and nano-SiHA disks (C and D).
Fig. 12 Effects on TNF-a (A) and IL-6 (B) release to culture medium of
osteoclast-like cells cultured on nano-HA and nano-SiHA disks. *p <
0.05, **p < 0.01, ***p < 0.005.
Paper Journal of Materials Chemistry Bthe cave size showed values of 10  1.7 mm on nano-SiHA and
32.5  9.7 mm on nano-HA (**p < 0.01). Concerning the
resorption of nanocrystalline calcium phosphates by osteoclast-
like cells, Detsch et al. have recently showed that nano-HA with
low carbonate content strongly stimulated the differentiation
and resorption of these cells on its surface when compared with
carbonate-rich samples.12
Resorption implies an initial tight attachment of osteoclasts
to the disk surface to create the “sealing zone”, rich in F-actin,
which isolates the resorptive space from the surrounding
material.11,12 The ruffled border is formed by fusion of intra-
cellular acidic vesicles which contain enzymes (such as
cathepsin K), Cl and H+ ions which are released into the
resorption lacunae for the acidication to a pH of around
4.5.13–15 This process produces the dissolution of the material,This journal is © The Royal Society of Chemistry 2014which is then endocytosed from the resorption cavity and
transported to the secretory domain for releasing into the
extracellular environment.16,17
Many different stimuli have been shown to regulate Ca2+
concentrations in osteoclasts and extracellular acidication has
been described to cause a decrease in intracellular Ca2+
concentration in isolated chicken osteoclasts.57 The lower Ca2+
content observed in the present study with osteoclast-like cells
cultured on nano-HA disks in comparison to cells cultured on
nano-SiHA samples (Fig. 9C) can be related to higher extracel-
lular acidication produced by these cells on the nano-HA
surface than on the nano-SiHA surface, as demonstrated by the
geometry of the resorption cavities observed on this material
(Fig. 11A and B).
Since it has been found that osteoclast differentiation is
induced by tumor necrosis factor (TNF)-a and IL-6,58,59 these
cytokines were evaluated in the culture medium of RAW-264.7
macrophages at different times during the differentiation into
osteoclast-like cells on nano-HA disks and nano-SiHA disks. As
can be observed, both TNF-a (Fig. 12A) and IL-6 (Fig. 12B)
levels increased progressively in the culture medium during
osteoclast differentiation. The values of both cytokines were
always signicantly higher in the presence of nano-SiHA than
nano-HA.
Taking into account that TNF-a and IL-6 modulate osteo-
clastogenesis, the increase of these cytokines in the presence of
nano-SiHA could be explained by a higher secretion as a
response to stimulate the differentiation process which is
delayed on this material. However, in mouse bone marrow-
derived macrophages (BMMs), IL-6 decreased osteoclast
formation and bone-resorption ability.60 Taking into account
the results obtained with BMMs, the nano-SiHA effects on
osteoclastogenesis and resorption activity observed in the
present study, could also be caused by an increase of IL-6
induced by this material (Fig. 12B). Other cytokines as TNF-a
and IL-1b, showed various responses according to the phase of
osteoclast maturation and the concentration of each cytokine
and RANKL.60
4. Conclusions
Since bone is a dynamic tissue in continuous remodelling
which depends on resorption and new bone formationJ. Mater. Chem. B, 2014, 2, 2910–2919 | 2917
Journal of Materials Chemistry B Paperprocesses carried out by osteoclasts and osteoblasts respec-
tively, in the present study we aimed to know the behaviour of
osteoclasts on both nano-HA and nano-SiHA disks, evaluating
for the rst time the differentiation and the substrate resorption
carried out by this cell type on both substrates. This study
demonstrates that nanocrystalline Si-substituted hydroxyapa-
tite delays the osteoclast differentiation and decreases the
resorptive activity of these cells on their surface, as compared to
nanocrystalline hydroxyapatite, without affecting cell viability.
Furthermore, the demonstrated increase of the reparative
macrophage population, along with the benecial effects on
osteoblasts previously observed with powdered nano-SiHA,
suggests the potential of this biomaterial for modulating the
fundamental processes of bone formation and turnover, pre-
venting bone resorption and enhancing bone formation at
implantation sites in treatment of osteoporotic bone and in
bone repair and regeneration.
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A  pesar  de  su  naturaleza  anfipática,  el  óxido  de  grafeno  (GO)  presenta  elevada 
hidrofilicidad debido al gran número de grupos hidroxilo, carboxilo y epóxido de su superficie 
(Figura  4),  que  hacen  de  este  material  el más  relevante  de  su  grupo  de  cara  a  posibles 
aplicaciones biomédicas, ya que aumentan su solubilidad, facilitando su manejo, y permiten la 
unión de diversas biomoléculas. 
Las  nanopartículas  de  óxido  de  grafeno  (nano‐GO),  debido  a  su  pequeño  tamaño  y 
dimensión  lateral  inferior a  los 20 nm, presentan además  la capacidad de  introducirse en  las 














Cu2+  pueden  ser  adsorbidos  por  GO  y  nano‐GO  por  quelación  [Tung  VC  et  al.  2009,  Nat 
Nanotechnol; Yang ST et al. 2010, J Colloid Interface Sci; Ren H et al. 2010, ACS Nano].  
‐  Interacciones  con ácidos nucleicos:  La  interacción  se produce a  través de  las bases 




















actividad  proteasa  (por  ejemplo  trombina),  basados  en  la  adsorción  de  péptidos marcados 
fluoresecentemente  sobre  este  nanomaterial  que  actuan  como  sustrato  de  dicha  actividad 
[Zhang M et al. 2011, Chem Commun (Camb)]. 
‐ Reacciones oxidativas: Estudios con glutatión, demuestran la actividad catalítica del GO 




su  resistencia  a  la  degradación,  lo  que  aumenta  su  persistencia  en  organismos  vivos.  Sin 








ácido,  por  lo  que  se  produce  su  liberación  en  los  lisosomas  celulares  tras  el  proceso  de 
endocitosis [Sánchez VC et al. 2012, Chem Res Toxicol]. 
Los primeros estudios in vitro de unión de fármacos antitumorales a nano‐GO se llevaron 
a  cabo  con  el  inhibidor  de  la  topoisomerasa  I,  SN‐38,  unido  mediante  interacciones  no 
covalentes  π‐π.  Esta  combinación  produjo  una  elevada  citotoxicidad  en  células HCT‐116  de 





de  linfoma de Burkitt Raji‐B  tratadas con GO al que  se había unido covalentemente Rituxan 
(anticuerpo monoclonal frente a CD20, receptor expresado en las células B de este linfoma) o 
doxorrubicina  por  adsorción  física, mostraron  una mayor  inhibición  del  crecimiento  celular 



















liberación  de  doxorrubicina  y  de  siRNA  dirigido  frente  al  oncogen  Bcl‐2,  incrementando 





a estudiarse por  la  fluorescencia  intrínseca que exhiben  [Bacon M et al. 2014, Part Part Syst 
Charact]. 
Varios  tipos  de  grafeno  han  sido  utilizados  como  biosensores  para  la  detección  de 
moléculas como la trombina, ATP, oligonucleótidos, aminoácidos y dopamina. Algunos de estos 
sensores  se  han  desarrollado  haciendo  uso  de  la  capacidad  de  quenching  del  grafeno  para 

























preparados  con polivinilalcohol  (PVA)  a  los que  se  les  adiciona GO han mostrado una  clara 





del  tumor  y  su  vascularización,  así  como  por  la  toxicidad  y  resistencia  a  los  fármacos 
antitumorales,  lo  que  hace  indispensable  el  estudio  de  tratamientos  alternativos  a  la 
quimioterapia y a la radioterapia. Recientemente, está cobrando gran importancia la utilización 
de nanopartículas con este fin, entre las que se encuentra el nano‐GO. 







liberación  en  los  tejidos  diana,  para  lo  cual  se  puede  aumentar  la  solubilidad  del material 
mediante  su  funcionalización,  ya  sea  no  covalente  con  moléculas  anfifílicas  o  covalente 
mediante oxidaciones y reacciones de cicloadición. Uno de los métodos de funcionalización del 
nano‐GO  más  frecuentes  es  mediante  la  unión  de  PEG,  que  incrementa  su  dispersión  y 
estabilidad en medio acuoso [Sun X et al. 2008, Nano Res; Liu Z et al. 2008, J Am Chem Soc]. De 
esta manera  se puede  incrementar el  tiempo de circulación en  sangre, aunque  se  reduce  la 
interacción  con  superficies biológicas  y,  sumado al aumento de  tamaño, puede disminuir  la 
incorporación  celular.  Las  células  no  fagocíticas  internan  nanopartículas  de  forma  variable 
dependiendo del tipo celular y de las dimensiones de las mismas. Partículas entre 150 y 200 nm 
son generalmente endocitadas mediante receptores, mientras que escapan de la incorporación 
en macrófagos,  ya  que  éstos  fagocitan  partículas  de  gran  tamaño.  Resultados  recientes  en 
nuestro grupo han mostrado la participación de diferentes mecanismos en la incorporación del 












EPR)  [Gonçalves  G  et  al.  2013,  Adv  Healthc  Mater].  Los  estudios  actuales  combinan  las 
características del efecto EPR con  la unión de GO a péptidos o anticuerpos que actúan como 













generaron granulomas en varios órganos  llegando a causar  la muerte en el 50% de  los casos 
[Wang K et al. 2011, Nanoscale Res Lett]. En dicho estudio, dosis superiores a 50 µg/ml indujeron 

























El  GO  funcionalizado  con  PEG  se  ha  propuesto  como  candidato  para  la  terapia 
antitumoral  por  hipertermia  debido  a  su  capacidad  para  incorporarse  en  las  células  y  a  su 
absorción  en  el  infrarrojo  cercano  (700‐900  nm),  rango  de  longitudes  de  onda  de máxima 
penetración  de  manera  no  invasiva,  conocido  como  ventana  terapéutica,  que  ofrece  la 
‐ CAPÍTULO II ‐ 
153 





(etileno‐propileno)  y  acomplejado  con  azul  de  metileno  (fotosensibilizador  cargado 
positivamente).  En  cultivos  celulares  se  observó  una  mayor  incorporación  en  las  células 
tumorales que en las normales y mayor toxicidad en las células que internaron el nanomaterial 
al  incidir  con  NIR.  En  ratones  se  detectó  una  gran  acumulación  de  nano‐GO  en  el  tumor, 
produciéndose la ablación del mismo al irradiar con el láser [Sahu A et al. 2013, Biomaterials]. 
Por otra parte, recientemente se administró nano‐GO combinado con ácido fólico a ratones con 
un  tumor  inducido,  observándose  mayor  biodistribución  en  el  tumor  a  medida  que  se 
incrementaba la dosis de ligando, acompañada de una disminución del tamaño del tumor más 
acusada tras  la irradiación NIR [Lee JH et al. 2015, J Control Release]. Finalmente, en estudios 
con  nano‐GO  funcionalizado  con  PEG  unido  mediante  puentes  disulfuro  y  cargado  con 














2009,  Ann  Oncol].  Sin  embargo,  se  encuentra  entre  los  tipos  de  cáncer más  comunes  en 



























amputación  del  miembro  afectado.  Sin  embargo,  en  la  gran  mayoría  de  los  casos  se 
desarrollaban metástasis durante el año posterior al diagnóstico [Marcove RC et al. 1970, J Bone 




por  los métodos  convencionales  [Bacci  G  et  al.  2003,  Ann Oncol].  Incluso  en  los  casos  de 
osteosarcoma localizado, la tercera parte de los pacientes desarrollan tumores recurrentes en 
los 2‐3 años posteriores [Kempf‐Bielack B et al. 2005, J Clin Oncol].  
A  partir  de  los  años  80  fue  validado  el  efecto  beneficioso  de  fármacos 
quimioterapéuticos por el Multi‐Institutional Osteosarcoma Study (MIOS), estudio en el que de 
forma  aleatoria  se  aplicó  a  pacientes  de  osteosarcoma  un  tratamiento  de  quimioterapia, 
posterior  a  la  amputación  localizada.  Estos  pacientes mostraban  un  claro  aumento  en  su 
supervivencia a los dos años (66%) respecto a aquellos que solo habían sufrido la intervención 
quirúrgica (17%) [Link MP et al. 1986, N Engl J Med]. Hoy en día, se administra la quimioterapia 
en dos  fases: qumioterapia neo‐adyuvante pre‐operatoria  (unas 10‐12 semanas anterior a  la 
intervención quirúrgica) y adyuvante post‐operatoria (durante unas 12‐29 semanas) [Gill J et al. 
2013,  Pharmacol  Ther].  En  la  actualidad,  existen  principalmente  varios  agentes 
quimioterapéuticos  en  el  tratamiento  de  osteosarcoma:  metotrexato  a  altas  dosis  con 




Los  tumores  óseos  se  consideran  resistentes  a  radioterapia.  Sin  embargo,  este 
tratamiento es utilizado cuando se trata de tumores que no pueden someterse a la cirugía. En 
esos casos, se ha comprobado que ciertos agentes quimioterapéuticos como la ifosfamida o la 










Anticancer  Ther].  Entre  estas  posibles  alternativas,  la  terapia  antitumoral  por  fototermia 
presenta un amplio potencial y, por este motivo, se encuentra actualmente en fase de estudio.  







funcionalizadas  con polietilenglicol y marcadas  con  isotiocianato de  fluoresceína  (nano‐
GO/PEG/FITC) en diferentes tipos celulares.
2. Análisis de la biocompatibilidad in vitro de nano‐GO y de su localización intracelular.
3. Estudio  del  efecto  de  la  hipertermia  inducida  por  nano‐GO  sobre  la  línea  celular  de
osteosarcoma humano Saos‐2 y evaluación de  las  condiciones de  tiempo y potencia de
exposición a luz NIR para el control de la muerte celular.
OBJECTIVES  
1. In  vitro  evaluation  of  the  incorporation  kinetics  of  graphene  oxide  nanoparticles












nanopartículas  de  óxido  de  grafeno  (nano‐GO)  presentan  gran  potencial  para  su  aplicación 
biomédica en este campo debido a las propiedades únicas de su estructura, especialmente por 
su capacidad de absorber radiación infrarroja cercana (808 nm) generando energía vibracional 






En  la  presente  Tesis  Doctoral  se  han  utilizado  nanopartículas  de  óxido  de  grafeno 
funcionalizadas  con  polietilenglicol  y  marcadas  con  isotiocianato  de  fluoresceína  (nano‐
GO/PEG/FITC) con el objetivo de evaluar in vitro su cinética de incorporación en diferentes tipos 






















ml de  solución acuosa 3wt% H2SO4 y 0,5%wt% H2O2. Tras  repetidos procesos de  filtración y 
eliminación del sobrenadante (unas diez veces) se dispersan 0,5 ml de la mezcla en 500 ml de 








Figura 31. Esquema de  la  síntesis de óxido de grafeno. Esquema procedente de Vila et al.  (Nanotechnology 23: 
465103(9pp), 2012). 







disueltos  en  25 ml  de  agua miliQ  y  se  deja  en  agitación  durante  48  horas  a  temperatura 
ambiente.  A  continuación  de  este  proceso  se  procede  a  los  correspondientes  lavados  y 
centrifugaciones para eliminar el exceso de reactivo. 
Gracias a la unión de PEG a las nanopartículas de óxido de grafeno se puede proceder al 






Cualquier  biomaterial  que  va  a  ser  utilizado  con  un  fin  terapéutico  debe  presentar 
reproducibilidad  en  su  proceso  de  síntesis,  por  lo  que  es  necesaria  la  caracterización  y 
comprobación de las propiedades del material obtenido.  
Técnicas frecuentemente utilizadas en el proceso de caracterización son  la Dispersión 
























GO  GO‐COOH  GO‐PEG  GO‐PEG‐FITC 
Size (nm)  243,87±1,96  153,77±1,04  396,23±3,93*  392,40±15,52* 















diferentes  tipos  celulares,  fibroblastos  murinos  L929,  osteoblastos  humanos  Saos‐2, 




efectos  que  las  diferencias  de  carga  de  estas  nanopartículas  pueden  producir  en  su 
incorporación celular. 





Mediante  la  caracterización  del  material  se  observó  una  distribución  de  tamaño 
hidrodinámico entre 10 y 120 nm, con el máximo número de partículas localizado alrededor de 








La  cantidad  de  nano‐GO  internado  por  fibroblastos  murinos  L929,  osteoblastos 
humanos  Saos‐2, preosteoblastos murinos MC3T3‐E1  y macrófagos murinos RAW 264.7  fue 
detectada  mediante  citometría  de  flujo,  observándose  que  el  grado  y  la  velocidad  de 
incorporación dependen del tipo celular. Estudios de quenching con Trypan Blue demostraron 
























6‐GO  (Figura  34).  A  pesar  de  la  menor  incorporación  de  nano‐6‐GO,  se  obtuvieron  efectos 
similares  para  los  dos  materiales  sobre  los  parámetros  de  biocompatibilidad  analizados,  
indicando mayor toxicidad de 6‐GOs sobre la función celular. 
Estos estudios demuestran que la incorporación de nano-GO depende de la 
funcionalización del material y del tipo celular, observándose valores superiores de internación 
con nano-1-GO en células óseas, especialmente en las procedentes de osteosarcoma humano.
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Abstract
Graphene and more specifically, nanographene oxide (GO) has been proposed as a highly
efficient antitumoral therapy agent. Nevertheless, its cell uptake kinetics, its influence in
different types of cells and the possibility of controlling cellular internalization timing, is still
a field that remains unexplored. Herein, different cell types have been cultured in vitro for
several incubation periods in the presence of 0.075 mg ml−1 pegylated GO solutions. GO
uptake kinetics revealed differences in the agent’s uptake amount and speed as a function of
the type of cell involved. Osteoblast-like cells GO uptake is higher and faster without resulting
in greater cell membrane damage. Moreover, the dependence on the commonly used PEG
nature (number of branches) also influences the viability and cell uptake speed. These facts
play an important role in the future definition of timing parameters and selective cell uptake
control in order to achieve an effective therapy.
S Online supplementary data available from stacks.iop.org/Nano/23/465103/mmedia
(Some figures may appear in colour only in the online journal)
Introduction
The exciting advances in the preparation of nanosystems with
applications in the medical field have led to new challenges
in the design of smart materials capable of meeting the
clinical demands, mainly after finding that the introduction
of nanosystems into living cells is possible by shuttling
various cargoes across cellular membranes without producing
cytotoxicity.
Nanoparticles have been proposed for locally releasing
highly toxic drugs directly into tumors, while reducing the
unwanted side effects of aggressive treatments, and to target
tumors using the intrinsic capacities of different nanomaterials
applied as new treatments [1]. For example, their capacity to
induce localized heating within tumors is being exhaustively
explored. Approaches to nanoparticle-mediated thermal
therapy include absorption of infrared light, radio frequency
ablation, and magnetically induced heating [2, 3].
Among carbon based materials, following closely and
taking over from carbon nanotubes (CNTs), graphene and
more specifically, graphene oxide (GO), represents one of
the most promising ‘nanoparticles’ of the past few years. Its
small two-dimensional shape [4], as well as its properties,
low cost and easy processing, makes this nanomaterial
a promising nanoparticle for medical applications where
large-scale production is needed [5–8]. Its unique structure
is useful for applications in drug delivery and its strong NIR
optical absorption ability in the 700–1100 nm range (the
‘therapeutic window’, which allows non-invasive, harmless
and skin penetrating irradiation) is particularly attractive for
performing photodynamic therapies [9] or for the induction of
10957-4484/12/465103+09$33.00 c© 2012 IOP Publishing Ltd Printed in the UK & the USA
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cell hyperthermia in tumor treatments as a minimally invasive
alternative to surgery (photothermal therapy) [10].
The in vitro toxicity of GO towards human cells appears
to be lower than that of CNT and it has been proposed as a
potential cancer biomarker sensor, drug delivery particle and
as nanoplatforms for cancer-selective drug delivery [10, 11].
There have been several recent works where the in vitro and
in vivo behavior of fluorescent-labeled polyethylene glycol
(PEG) functionalized GO and CNTs were studied by using
mouse models, showing its potential to be used as a highly
efficient in vivo photothermal therapy agent [12–14]. As is
already well known, PEG has been approved for human
use by the FDA, is non-toxic and can be eliminated by a
combination of renal and hepatic pathways [15], thus making
it an ideal carrier in pharmaceutical applications, having the
lowest level of protein or cellular absorption of any known
polymer. Nevertheless, although the research experiments
have taken giant strides, the uptake kinetics of these pegylated
GO nanosheets, their influence in different types of cells,
PEG nature effects, and the possibility of controlling cellular
internalization, are still fields that remain unexplored. There is
an urgent need to define the potential of GO to be internalized
and to interact by representative cells in order to assess the
potential risk/gain associated with this nanotechnology.
With the purpose of finding and understanding the
possible diverse biological responses of different cell
types (for the first time orientated to the treatment of
bone cancer) to this GO uptake, a kinetic study of GO
nanosheet internalization has been performed in osteoblasts,
preosteoblasts, fibroblasts, and macrophages as experimental
cell models which subsist in the same environment. The
influence that both the different timing and the cell nature
has on the amount of GO internalized by different cell types
has been seen for the first time. Moreover, the effects of PEG
branching on cell uptake were elucidated by comparing a
branched PEG ligand to the PEG linear version. The obtained
results must be taken into account in order to know how
the process of the therapy will take place and how cells
surrounding the tumor could be affected in a photothermal
therapy treatment.
1. Experimental details
1.1. GO nanosheet preparation
GO nanosheets of approximately 100 nm have been obtained
from exfoliation of high-purity graphite in an acidic medium
by a modified Hummers method [16]. Briefly, 2 g of
graphite (99.99%; Sigma-Aldrich) was dispersed into a flask
containing 50 ml of concentrated H2SO4 and 7 g of KMnO4
and the solution was magnetically stirred for 2 h. After that,
the solution was treated with H2O2 until the gas evolution
ceased, then the resultant suspension was thoroughly washed,
first with HCl solution (0.1 mol dm−3) and then with distilled
water by filtration and centrifugation. The resulting GO
suspension was then dialyzed until a pH of 7 was reached.
1.2. GO nanosheet functionalization
After 3 h of further ultrasonic treatment to reduce the
lateral size (50–100 nm), 50 ml of graphite oxide in
water (∼1 mg ml−1) was activated with 2.5 g of
chloroacetic acid (Cl–CH2–COOH) under strongly basic
conditions (2.5 g NaOH), in order to promote –COOH
groups at its surface, and bath sonicated for 3 h. The
resulting GO solution was neutralized and purified by
repeated rinsing and filtration. Activated GO was then
functionalized by covalent bonding with non-toxic and non-
immunogenic polymers poly (ethylene Glycol-amine) (PEG)
to avoid the intercession with cellular functions or target
immunogenicities and to decrease aggregation. A diimide
activation was performed by adding (EDAC:1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride, Sigma
Inc. 0.106 g) to 45 ml of GO aqueous solution (1 mg ml−1)
and stirring vigorously for 3 h. Afterwards this solution
was added to a 25 ml solution of polyethylene glycol-amine
(11 mg ml−1) and the reaction was allowed to take
place for 48 h. Excess PEG was removed by centrifuge
filtration. GO water suspensions were systematically washed
by centrifugation through MWCO Amicon filters with a
100 kDa molecular weight cutoff. Different branched PEG
polymers were attached following the same route; 1 arm PEG
bis (3-aminopropyl) terminated 1.5 kDa (Sigma) and 6 arm
branched PEG amine 15 kDa (SunBio Inc.) samples, named
1-GOs and 6-GOs respectively, in order to study the influence
of surface charge and polymer size on the uptake process.
All GOs were marked with fluorescein isocyanate (FITC)
covalent bonded to the PEG in order to control and follow
the GOs during the different steps in the in vitro cell
internalization studies. Pegylated GOs were redispersed in
a pH 7.5 phosphate buffer (0.02 M) (0.5 mg ml−1) and
reacted with the amine reactive dye FITC. The reaction was
allowed to take place overnight at room temperature to avoid
light. Excess dye molecules were removed by centrifugation
filtration through 100 kDa MWCO Amicon filters and washed
away with water more than 10 times, until no noticeable color
remained in the filtrate solution. (See scheme of figure 1.)
Afterwards, pegylated and fluorescein labeled GOs were
lyophilized.
The amino content of the GOs was determined at every
synthesis step by quantitative analysis of the amino groups
in order to monitor the chemical modifications [17]. This
procedure was carried out by protecting the amino groups
with highly fluorescent fluorenylmethyloxycarbonyl chloride
(FMOC-Cl), followed by intensive washing steps, cleaving
the protective group, and subsequently measuring the UV–vis
absorption. As other groups present on the GO nanosheets
(e.g. hydroxyl radicals) could also react with the FMOC,
an initial sample was also measured to evaluate the residual
signal. Table 1 gives the data corresponding to the GOs.
1.3. GO nanosheet characterization
The size, structure and properties of the GO nanosheets
have been evaluated using different techniques. Transmission
2
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Figure 1. Schematic illustration of GO exfoliation and pegylation by differently branched PEG.
Table 1. Quantitative analysis of amine content
(10−5 mmol mg−1).
GO GO-PEG GO-PEG-FTIC
1-GO 1.3 1.52 1.47
6-GO 1.3 2.71 2.17
electron microscopy (TEM) was performed using a 200 kV
JEOL JEM 2100. GO nanosheets deposited on mica substrates
were analyzed using an atomic force microscope (AFM)
(VEECO Multimode; USA). Fourier transform infrared
spectroscopy (FTIR) was performed with a Nicolet Nexus
spectrometer using the KBr pellet method. 5 mg of each
sample was added to 10 ml milliQ water (solution pH
7.8) and centrifuged (3500 rpm) for 10 min to analyze the
Z-potential and particle size of the supernatant particles,
following the same procedure as the material used on the
experiment. Zeta potential (ζ ) and dynamic light scattering
particle size analysis DLS measurements were performed on
pH 5 solutions in a Zetasizer Nano Series instrument equipped
with a 633 nm ‘red’ laser from Malvern Instruments, with
reproducibility being verified by collection and comparison of
sequential measurements. Z-average sizes of three sequential
measurements were collected at room temperature and
analyzed.
1.4. GOs incorporation studies and cell proliferation studies
Four different types of cells were chosen for the in
vitro studies. Human Saos-2 osteoblasts, murine MC3T3-
E1 preosteoblasts, murine L929 fibroblasts and murine
RAW-264.7 macrophages were seeded on six-well culture
plates (CULTEK S.L.U., Madrid, Spain), at a density
of 105 cells ml−1 in either DMEM (for Saos-2, L929
and RAW-264.7 cells) or α-MEM (for MC3T3-E1 cells)
supplemented with 10% fetal bovine serum (FBS, Gibco,
BRL), 1 mM L-glutamine (BioWhittaker Europe, Belgium),
penicillin (200µg ml−1, BioWhittaker Europe, Belgium), and
streptomycin (200 µg ml−1, BioWhittaker Europe, Belgium),
under a CO2 (5%) atmosphere and at 37 ◦C for 24 h.
To evaluate the GOs incorporation by cells in suspension,
Saos-2, L929 and RAW-264.7 cultures were washed with
Phosphate Buffer Saline (PBS) and the attached cells were
harvested using either 0.25% trypsin-EDTA solution for 5 min
(for Saos-2 and L929 cells) or cell scrapers designed for
harvesting cells (for RAW-264.7 cells). The trypsin action
was stopped with culture medium, cells were centrifuged at
310g for 10 min and resuspended in fresh medium. Cell
suspensions were incubated in the presence of 0.075 mg ml−1
GOs solutions (concentration within the range of previously
optimized published results [18]) dispersed in supplemented
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DMEM for 30, 60 and 150 min in order to evaluate the
incorporation of GOs by flow cytometry.
To evaluate the incorporation of GOs by cultured cells,
0.075 mg ml−1 GOs solutions dispersed in supplemented
DMEM material were added to cultured Saos-2, MC3T3-E1,
L929 and RAW-264.7 for different times. After 30 min, 2, 6
and 24 h culture in the presence of this material, cells were
harvested, as indicated above, and the incorporation of GOs
was evaluated by flow cytometry. In order to determine the
effects of GOs on cell proliferation, cells were counted with
a Neubauer hemocytometer after harvesting. Controls without
material were always carried out.
The conditions for the data acquisition and analysis
of flow cytometry were established using negative and
positive controls with the CellQuest Program of Becton
Dickinson and these conditions were maintained during all the
experiments. Each experiment was carried out three times and
single representative experiments are displayed. For statistical
significance, at least 10 000 cells were analyzed in each
sample and the mean of the fluorescences emitted by these
single cells was used.
To measure the GOs incorporation by different cell types
after treatment with this material, cells were cultured and
harvested as explained earlier. Then, the fluorescence of FITC
was excited by a 15 mW laser tuned to 488 nm and the emitted
fluorescence was measured with a 530/30 band pass filter in a
FACScalibur Becton Dickinson flow cytometer.
To evaluate the internalization of GOs material, Trypan
Blue (40 µg ml−1) was added to cell suspensions before the
flow cytometric analysis to quench the fluorescence produced
by the FITC label of GOs adsorbed on the exterior surface of
cells.
1.5. Cytotoxicity studies
A major concern in biomaterials science is always the
possible toxicity of the tested materials. Cell viability of cells
cultured in the presence of the investigated materials was
determined by addition of propidium iodide (PI; 0.005% in
PBS, Sigma-Aldrich Corporation, St. Louis, MO, USA) to
stain the DNA of dead cells. The fluorescence of PI was
excited by a 15 mW laser tuned to 488 nm and the emitted
fluorescence was measured with a 670 nm long pass filter in a
FACScalibur Becton Dickinson flow cytometer.
The plasma membrane integrity was evaluated in terms
of the lactate dehydrogenase released (LDH). LDH was
measured in the culture medium by an enzymatic method
at 340 nm (Bio-Analı´tica, S.L.) using a Beckman DU 640
UV–visible spectrophotometer. The medium was collected
after every culture time and centrifuged at 12 000g at 4 ◦C.
The enzymatic assay was performed in the supernatant.
Data are expressed as means + standard deviations of a
representative of three experiments carried out in triplicate.
Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) version 19 software.
Statistical comparisons were made by analysis of variance
(ANOVA). A Scheffe´ test was used for post hoc evaluations of
differences among groups. In all of the statistical evaluations,
p < 0.05 was considered as statistically significant.
Figure 2. Activated GOs particle size distribution obtained by DLS.
1.6. Confocal microscopy studies
To observe the incorporation of GOs by confocal microscopy,
human Saos-2 osteoblasts, murine MC3T3-E1 preosteoblasts,
murine L929 fibroblasts and murine RAW-264.7 macrophages
were seeded on glass coverslips and cultured in the presence
of GOs material for 24 h. Controls without material were
always carried out. Cells were washed with PBS and fixed
with 3.7% paraformaldehyde in PBS for 10 min. After
washing with PBS, cells were examined by a LEICA SP2
confocal laser scanning microscope.
2. Results and discussion
2.1. GO nanosheet characterization
The chemical exfoliation of graphite in aqueous media,
subsequent chemical activation and size separation by
centrifugation, resulted in sheets of graphene oxide (GO) with
an hydrodynamic size distribution in the range approximately
10–120 nm with the maximum number of particles located
around 40 nm (figure 2). As can be seen in the figure from
data obtained by DLS, and as it was expected based on the
molecular weights and shapes of the branched and linear
PEG [19], the hydrodynamic particle size increases with
the increasing number of branches of the PEG, shifting the
maximum hydrodynamic size from 40 nm for GO, to 95 and
190 nm for the pegylated 1-GOs and 6-GOs respectively.
The thin structure of the GO sheet and its smooth
surface are confirmed by TEM, although some corrugation
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Figure 3. (a) Transmission electron micrograph of activated GO
nanosheets. (b) AFM topographic image of dispersed GO
nanosheets. The graph represents the thickness profile from the
green line of the AFM image.
is detected, suggesting a flexible structure of the GO sheets.
Regarding the size, the results are in the range of those
obtained with DLS analysis. A representative GO sheet
is shown in figure 3(a), displaying a well exfoliated thin
nanosheet. AFM was used [16] to measure the size and
thickness of the individual GO nanosheets. The average
thickness of GO was around 2 nm, corresponding to
nanosheets with 3 or 4 layers, and the size range of nanosheets
measured matched the higher range obtained with DLS.
Graphene oxide surfaces subjected to a successful
pegylation procedure were monitored by FTIR spectra and
resulted in the presence of oxygen functionalities at the GO
surface plus the C–O stretch vibration band (110–150 cm−1)
and the strong C–H stretch peak (2800 cm−1), clearly
indicating the presence of the PEG on the GO sample.
(Figure 1 supporting information available at stacks.iop.org/
Nano/23/465103/mmedia.)
Values of the amine quantification used to give a direct
measure of the average quantity of amines before and after
fluorescent labeling on each 1 arm or 6 arm pegylated GOs
are shown in table 1. In addition, differences between the
1-GOs and 6-GOs are shown by the zeta potential of aqueous
Figure 4. (a) Incorporation of 1-GOs labeled with FITC by human
Saos-2 osteoblasts, murine L929 fibroblasts and murine RAW-264.7
macrophages in suspension for different times. (b) Incorporation of
1-GOs labeled with FITC by human Saos-2 osteoblasts, murine
L929 fibroblasts, murine RAW-264.7 macrophages and murine
MC3T3-E1 preosteoblasts in culture for different times.
suspensions of each sample. The results show that –COOH
activated GO sheets are highly negatively charged −37.8
± 8 mV, which can be attributed to the presence of oxygen
species at the surface of GO. As soon as the PEG is
attached to the GO sheets, the zeta potential changes slightly,
to −30.5 ± 3 mV, for the case of the 1 arm PEG, and
to −8.05 ± 4 mV, for the 6 arm PEG. This fact confirms the
existence of the positive amino ended branches which change
the GO electrostatic nature, being less negative for the 6 arm
PEG.
2.2. GOs uptake
The use of GOs for medical application requires the evaluation
of their interaction with different cell types in order to know
the internalization kinetics and the cell response to this
material. The GO nanosheet cell uptake was evaluated, first
of all, with suspensions of human Saos-2 osteoblasts, murine
L929 fibroblasts and murine RAW-264.7 macrophages after
short incubation periods. As a first approach, cell suspensions
were incubated for 30, 60 and 150 min with only 1-GOs
(as said above all particles are labeled with FITC) and
the amount of cell-associated fluorescence was detected by
flow cytometry. As can be observed in figure 4(a), these
three cell types incorporate 1-GOs quickly, showing stable
5
Nanotechnology 23 (2012) 465103 M Vila et al
Figure 5. (a) Incorporation of 1-GOs and 6-GOs labeled with FITC
by cultured human Saos-2 osteoblasts, murine L929 fibroblasts,
murine RAW-264.7 macrophages and murine MC3T3-E1
preosteoblasts after a 1 day treatment. Controls represent the basal
fluorescence values in the absence of GOs. (b) Effect of 1-GOs and
6-GOs on proliferation of cultured human Saos-2 osteoblasts,
murine L929 fibroblasts, murine RAW-264.7 macrophages and
murine MC3T3-E1 preosteoblasts after a 1 day treatment. The cell
number is given as a percentage relative to the controls (100%)
carried out in the absence of material.
levels of fluorescence during these incubation periods. The
results revealed that GOs uptake by human osteoblasts was
higher than by the other cell types. The same study was
then carried out in cell cultures for longer times (30 min,
2, 6 and 24 h) with Saos-2, L929 and RAW-264.7 and also
murine MC3T3-E1 preosteoblasts to compare information
on non-carcinogenic osteoblast cell line behavior with the
previous fast uptake showed by the tumoral osteoblast-like
line.
Figure 4(b) indicates again that GOs uptake by Saos-2
osteoblasts is higher than GOs incorporation in fibroblasts
and macrophages, which show almost constant fluorescence
values in a time independent manner after 2 h treatment.
MC3T3-E1 preosteoblasts show similar GOs incorporation to
osteoblasts after 6 h, confirming the faster uptake kinetics in
these two bone cell types, which even continue incorporating
GOs at longer times (24 h).
As macrophages are phagocytic cells, it was expected that
their GOs internalization would be lower in comparison with
other cell lines. It has been already reported that escaping
phagocytic uptake is induced by maintaining the particle size
around 150 nm, as this kind of cell favors the uptake of large
particles and a Z potential below 15. Moreover, the PEG has
nonfouling or protein resistant properties and was specifically
included to limit the interaction with biological interfaces,
in order to decrease particle uptake by macrophages and
increase their circulation time. Also, particles of small sizes
might exhibit a high level of exocytosis [20, 21]. On the
other hand, non-phagocytic cells favor the uptake of small
particles. Endocytic pathways involved in particle uptake have
been investigated in these types of cell [22, 23] showing that
they use more than one pathway to internalize particles, but
it is assumed that particles up to 200 nm are internalized
mainly by (receptor-mediated) endocytosis. It is known that
the cellular uptake of nanoparticles is dependent on cell line
as particle binding depends on cell surface properties which
are vital to their interaction with particles. It has been already
reported [21] for polymeric nanoparticles that fibroblasts have
one of the lowest nanoparticle uptake rates. Moreover, the
fact that Saos-2 cells have a higher and faster uptake than
MC3T3 could be related to their tumoral nature. Saos-2 is
a human osteosarcoma cell line with osteoblastic properties
such as production of a mineralized matrix, high levels of
alkaline phosphatase, PTH receptors coupled to adenylate
cyclase and the presence of osteonectin. The osteoblastic
cell line MC3T3-E1 has been established from a C57BL/6
mouse calvaria. These cells are preosteoblasts and have
the capacity to differentiate into osteoblasts and osteocytes,
forming calcified bone tissue in vitro.
The different behavior of tumoral versus non-tumoral
cells—although this must be further studied—suggests that
the internalization and posterior application of the NIR
irradiation could affect bone cells through the control of GO
cell uptake timing, mainly through the irradiation efficiency
(as is directly related to the amount of GOs uptaken), reducing
the number of healthy cells affected, as their uptake is lower
and slightly slower. This last process could be even more
retarded by surface decoration methods.
To know the influence of surface charge and pegylated
GO particle size on the GOs uptake process, a comparative
study with 1-GOs and 6-GOs was carried out by culturing
Saos-2, MC3T3-E1, L929 and RAW-264.7 cells for 1 day
in the presence of both materials separately. The cell uptake
behavior shown in figure 5(a), demonstrated that 1-GOs
incorporation is significantly higher than 6-GOs uptake by all
cell types.
This is in agreement with the fact explained above that
non-phagocytic cells favor the uptake of smaller particles,
as is the case of 1-GO. Moreover, as is expected, the more
highly branched PEG might be limiting in a higher grade
the interaction with biological surfaces (useful to avoid their
removal by the macrophages), and it seems that this fact
is also limiting the uptake by targeted cells. These results
indicate that there might be a limit of PEG size and number
of branches (also directly related to surface charge) in arriving
at a compromise which is still highly efficient for uptake by
targeted cells.
Moreover, following the same trend as was mentioned
above, osteoblasts show the most pronounced GOs incorpo-
ration in both cases.
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Figure 6. (a) Fluorescence profiles of cultured Saos-2 osteoblasts
treated for 1 day with 1-GOs and 6-GOs in comparison with control
cells in the absence of GOs. (b) Effect of Trypan Blue (TP) on
fluorescence profiles of cultured Saos-2 osteoblasts treated for 1 day
with 1-GOs and control cells in the absence of 1-GOs.
Since the cellular responses to GOs are still poorly
understood, the effects of both 1-GOs and 6-GOs on cell
proliferation were analyzed after 1 day treatment of cultured
Saos-2, MC3T3-E1L929 and RAW-264.7 cells. A significant
delay of cell proliferation was observed after both treatments
with all cells types except with Saos-2 osteoblasts, which do
not show alterations of the growth rate (figure 5(b)). In spite
of the lower incorporation of 6-GOs in MC3T3-E1, L929 and
RAW-264.7 cells in comparison with 1-GOs uptake by these
cell types (figure 4), 6-GOs and 1-GOs produce similar effects
on the proliferation of each cell type, suggesting that 6-GOs
can induce more alterations on cell function than 1-GOs.
The internalization of GOs was confirmed by flow
cytometry, after adding Trypan Blue to quench the
fluorescence [24] produced by the GOs adsorbed on the
exterior surface of cells. Representing these cell uptake
fluorescence profiles only for Saos-2 in figure 6(a) with
control cells in the absence of GOs, it was demonstrated that
similar profiles were obtained both with and without Trypan
Blue (figure 6(b)), indicating that both 1-GOs and 6-GOs are
completely cell internalized.
It has been found that densely coating nanomaterial
surfaces with PEG [25] increases in vivo particle circulation
times, likely by resisting clearance via the reticuloendothelial
system (RES), but it is important to assess the branch number
dependence on the cell uptake process [11]. It is known that
PEG [19] branching reduces dynamic viscosity and, although
in most of the works published a high branch number is
applied because of the possibilities of decorating it with more
molecules, it may have influences on cellular uptake due to
changes on particle hydrodynamic size and surface charge.
Although it has been reported that for most particles
a positive charge at their surface enhances the cellular
internalization [26, 27] rate due to preferred contact with
the negatively charged cell surface via their electrostatic
interaction [28], in this case, the less negative charged
particles are those of the 6 arm PEG, which are also the
least internalized. Moreover, although the cellular uptake
depends on the charged nature of the particles, this fact
also being cell dependent (due to distinct surface properties),
the behavior of internalization for the greater proportion
of the 1-GOs is similar for all the cell lines studied. This
fact suggests that the particle size difference between the
two materials seems to be the determining factor for the
differences in the amount of particle uptake. It has been
reported that the internalization inside cells depends directly
on the absolute size and/or volume of the particles and that,
in the 100–200 nm range, they have an optimum size for
the uptake to be faster [29]. This faster uptake of particles
of high aspect ratio has been attributed to the multivalent
cationic interactions with cells that are available in particles,
because of the larger surface areas in contact with the
cell membrane. Nevertheless, nanoparticles with larger sizes
need a stronger driving force and additional energy in the
cellular internalization process. It has also been reported
that particles with sizes greater than 150 nm could have an
slower internalization by non-phagocytic cells by nonspecific
endocytosis [21, 30]. Moreover, it is not only size that matters,
as shape-dependent uptake might also dominate the uptake
process for particles with varying geometries [31, 32]. The
fact that rod-like particles (and linear shaped ones) proved
to interact better with the cell membrane and that adsorptive
endocytosis plays a major role could also be an important
reason why 1-GOs internalize faster than 6-GOs. (Inset of
figure 5(a).)
Following this study, the morphology of all cell types was
studied by confocal microscopy (figure 7).
As can be observed, the highest fluorescence intensity is
obtained in Saos-2 cells, in agreement with the incorporation
studies by flow cytometry. The subcellular distribution of
graphene inside each cell type seems very different. L929
fibroblasts and RAW macrophages show a diffuse FITC-GO
signal, mainly localized on the cell membrane and in
the cytoplasm. However, in Saos osteoblasts and MC3T3
preosteoblasts, the signal seems located on microtubules.
Although further studies are needed to determine why the
FITC-GO localization depends on cell type, the observed
differences could be due to the different function of
each cell type, which could determine the cytoskeleton
characteristics and dynamics. The cytoskeleton presents
microfilaments, microtubules and intermediate filaments
which are responsible for cell shape and motility. It is
well known that the cytoskeleton is extremely dynamic
and these filament systems are able to lengthen or shorten
very rapidly in order to change cell shape (such as during
phagocytosis in macrophages), complete cell division, or
migrate. Macrophages are immune cells with a specialized
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Figure 7. Incorporation of GOs by cultured human Saos-2 osteoblasts, murine MC3T3-E1 preosteoblasts, murine L929 fibroblasts and
murine RAW-264.7 macrophages after 1 day treatment observed by confocal microscopy. Controls without material were always carried out.
capacity for cell migration and phagocytosis. Fibroblasts are
the most common cells in connective tissue and maintain the
structural integrity of this tissue by continuously secreting
extracellular matrix proteins. Osteoblasts and preosteoblasts
are involved in bone-forming, bone-remodeling and mechano-
transduction processes. Thus, the different cell functions of
the celltypes used in this study could be the cause of the
differences seen by confocal microscopy.
As the evaluation of the plasma membrane integrity is
one of the most common ways to measure cell viability
and cytotoxic effects, this parameter was analyzed through
propidium iodide exclusion and lactate dehydrogenase release
to the culture medium. Table 2 shows the cell viability
values measured for cultured Saos-2, MC3T3-E1, L929 and
RAW-264.7 cells after both GOs treatments for 1 day. High
viability levels are obtained in all cases, revealing that
the GOs dose used in this study does not induce plasma
membrane damage. These results are in agreement with
the absence of significant changes induced by GOs in the
lactate dehydrogenase release to the culture medium (figure 2
supporting information available at stacks.iop.org/Nano/23/
465103/mmedia). These results indicate that the experiments
were performed within the concentration range and time
period where no cytotoxicity occurred.
3. Conclusions
A kinetic study of GO nanosheet (GOs) internalization
has been performed for the first time in osteoblasts,
preosteoblasts, fibroblasts, and macrophages as experimental
cell models which subsist in the same environment. The
influence that the different timing or culture cell nature has on
the amount of GO internalized by different cell types has been
studied, showing that osteoblast cell uptake is faster compared
with the other cell types. Moreover, PEG branching effects
Table 2. Effect of 1-GOs and 6-GOs on cell viability of cultured
human Saos-2 osteoblasts, murine L929 fibroblasts, murine
RAW-264.7 macrophages and murine MC3T3-E1 preosteoblasts
after a 1 day treatment.
Control 1-GOs 6-GOs
L929 97.2 ± 0.2 97.1 ± 0.3 97.6 ± 0.2
Saos-2 97.0 ± 0.1 93.2 ± 0.3 94.1 ± 0.9
RAW 95.2 ± 0.5 88.4 ± 4.4 88.8 ± 0.6
MC3T3 97.8 ± 0.1 95.4 ± 0.4 97.1 ± 0.2
on cell uptake were assessed by comparing internalization of
a branched PEG ligand to the PEG linear version, and it has
been found that 1 arm pegylated GO is internalized in a greater
proportion than 6 arm pegylated GO. Moreover it has been
suggested that even with the high viability levels obtained
in all cases, revealing that the GOs doses used in this study
do not induce plasma membrane damage, 6-GOs can induce
more alterations to cell function than 1-GOs. The tumoral cell
uptake has proved to be faster and the internalization speed
has been proved to depend on the cell type. Moreover, this
effect could be emphasized by a proper surface decoration
method.
The obtained results must be taken into account in order
to understand how a future therapy process could take place
and how the cells surrounding the tumor might be affected in
a therapy treatment.
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Nano‐GO  está  considerado  como  un  nanomaterial muy  prometedor  para  diferentes 
aplicaciones biomédicas. Sin embargo, poco  se  conoce acerca de  la  respuesta celular a este 
material. Por  tanto, una vez conocida  la cinética de  incorporación del material se estudió su 
biocompatibilidad  en  osteoblastos  humanos  Saos‐2,  preosteoblastos  murinos  MC3T3‐E1  y 
macrófagos murinos  RAW  264.7  cultivados  en  contacto  con  nano‐1‐GO  y  nano‐6‐GO.  Los 
materiales utilizados fueron marcados con FITC para conocer su localización intracelular.  
Los  resultados obtenidos  se  resumen a continuación y han dado  lugar a  la  siguiente 
publicación: 








El contenido  intracelular de ROS se vio  incrementado en  todos  los casos, excepto en 
osteoblastos  Saos‐2  en  contacto  con  1‐GOs,  indicando  la  inducción de  estrés oxidativo.  Las 








Estudios  de  microscopía  confocal  revelaron  la  localización  de  estas  nanopartículas 
asociadas  a  los  filamentos de  actina en  todos  los  casos  (Figuras 35  y 36). Dado que dichos 
filamentos son esenciales para el progreso de las diferentes fases del ciclo celular, la interacción 
del material con la actina podría ser la causa de las alteraciones observadas en este parámetro.  





Figura  35. Osteoblastos  Saos‐2  cultivados  en  presencia  de  nano‐GO  observados  por Microscopía  Confocal. A) 
marcaje de los núcleos con DAPI, B) marcaje de los filamentos de actina con faloidina‐rodamina, C) nano‐GO marcado 
con FITC, D) superposición de A, B y C. Imágenes procedentes de [Matesanz MC et al. 2013, Biomaterials]. 
Figura  36.  Preosteoblastos  MC3T3‐E1  (A)  y  macrófagos  RAW  264.7  (B)  cultivados  en  presencia  de  nano‐GO 
observados por Microscopía Confocal. Imágenes procedentes de [Matesanz MC et al. 2013, Biomaterials]. 
Todos estos resultados deben ser tomados en consideración para los estudios de terapia 
fototérmica  ya  que  algunos  de  los  efectos  citotóxicos  producidos  por  el material  podrían 
utilizarse como un factor sinérgico para conseguir la destrucción de las células tumorales. 
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Graphene oxide (GO) is considered to be a promising nanomaterial for biomedical applications due to its
small two-dimensional shape besides its electrical and mechanical properties. However, only a few data
concerning the cell responses to this material have been described and the GO biocompatibility has not
been yet fully assessed. In the present study, graphene oxide nanosheets (GOs) decorated with 1-arm (1-
GOs) and 6-arm (6-GOs) poly(ethylene glycol-amine) (PEG) have been incubated with cultured Saos-2
osteoblasts, MC3T3-E1 preosteoblasts and RAW-264.7 macrophages to analyze several key cell
markers for in vitro biocompatibility evaluation. The results demonstrate that, after internalization, GO
nanosheets are localized on F-actin filaments inducing cell-cycle alterations, apoptosis and oxidative
stress in these cell types. The observed GOs effects must be considered in further studies focused on
photothermal cancer therapy as a synergistic factor.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Nanomedicine is focused in searching new nanosystems for
biomedical applications and the research approaches in this area
include various nanoparticles which are being investigated as they
offer unique advantages. Among all nanoparticles, graphene is
a single-atom-thick sheet of sp2-hybridized carbon atoms that has
attracted great interest in the world of nanotechnology because of
its excellent properties as flexibility, elasticity, mechanical resis-
tance and its ability to conduct electricity [1e3]. Although current
graphene research is mainly focused on nanoelectronics [4], the use
of graphene for biomedical applications such as drug delivery [5,6],
tissue engineering [7,8] and hyperthermia cancer therapy [9e11]
has been recently proposed. The induction of hyperthermia on
graphene for cancer treatment is possible due to the energy
transfer produced during the irradiation of the material with light
of wavelength in the near infrared (NIR) region (w890 nm),
generating vibrational energy. Its strong NIR absorption thus
generates sufficient heat for cell destruction (40 C) [10,11] and it is
called photothermal therapy. Graphene is classified depending onolés).
All rights reserved.its properties such as surface area, number of layers, lateral
dimension, surface chemistry and purity [2]. Graphene oxide (GO)
is one of the most important graphene derivatives in terms of
applications, and has been extensively studied in the recent years
[2]. GO is known to have carboxylate groups on the periphery that
provide pH dependent negative surface charge and colloidal
stability [12]. The basal surfaces contain hydroxyl and epoxide
functional groups as well as hydrophobic domains capable of pep
interactions. Although GO colloids are soluble in water, they need
further functionalization with molecules like poly(ethylene glycol-
amine) (PEG) which let the material become dispersible and highly
stable in aqueous solutions [5,13]. Recent studies demonstrate the
applicability of graphene with magnetic properties and fluores-
cence as a multifunctional marker for in vitro and in vivo studies
with HeLa cells and zebrafish respectively [14]. In vivo tests in mice
show that, after intravenous administration, GO ismainly located in
lung, liver and spleen, causing some toxicity in these tissues [15].
However, other authors showed no toxicity after three months of
injection of GO (20mg/kg) in this animalmodel [16]. In human lung
epithelial cells, GO doses over 50 mg/mL show no toxicity in vitro
[17], but higher GO concentrations cause a dose-dependent
oxidative stress in these cells and a slight loss of cell viability. In
fact, most studies agree that GO promotes cytotoxicity mainly
through ROS generation in a dose-dependent manner [14,18e20]
Fig. 1. AFM topographic image of GOs.
Fig. 2. Transmission electron micrograph of activated GOs.
M.-C. Matesanz et al. / Biomaterials 34 (2013) 1562e1569 1563inducing oxidative stress. All these results demonstrate that further
studies are needed to examine in more detail the interaction
between GO and cells before applying this material with medical
purposes.
In the present study, different cell types were selected to eval-
uate their behavior after being in contact with pegylated graphene
nanosheets (GOs). Thus, human osteosarcoma Saos-2 cells (as
tumor cell line), murine MC3T3-E1 preosteoblasts (as undifferen-
tiated osteoblast-like cells) and murine RAW-264.7 macrophages
(as immune cells) were used as experimental models. To know the
influence of its surface charge and particle size on cell functions,
GOs decorated with 1-arm (1-GOs) and 6-arm (6-GOs) branched
PEG were studied. Both GOs were marked with fluorescein isocy-
anate to measure their uptake and intracellular localization.
Different biocompatibility parameters as reactive oxygen species
(ROS) production, plasma membrane integrity, cell-cycle phases,
apoptosis and light scattering properties were measured by flow
cytometry after 1 day treatment. Moreover, the effects of GOs on
cell proliferation, cell morphology and cytokine release were also
analyzed.
2. Material and methods
2.1. GO nanosheet preparation and characterization
GO nanosheets have been prepared following the method previously published
by the authors [21]. Basically, GO nanosheets of c.a. 100 nm were obtained from
exfoliation of high purity graphite in acidic medium by a modified Hummers
method [22]. The resulting GO suspension was then dialyzed until a pH of 7, acti-
vated to promote eCOOH groups at its surface, and functionalized by covalent
bonding with non-toxic and non-immunogenic polymers poly(ethylene Glycol-
amine) (PEG) to avoid the intercession with cellular functions or target immuno-
genicities and to decrease aggregation. Different branched PEG polymer were
attached following the same route, 1-arm PEG bis(3-aminopropyl) terminated
(1.5 kDa) and 6-arm branched PEG amine (15 kDa). The samples named 1-GOs and
6-GOs respectively were marked with the amine reactive dye fluorescein isocyanate
(FITC) covalent bonded to the PEG. Transmission electron microscopy (TEM) was
performed on a 200 kV JEOL JEM 2100. GO nanosheets were analyzed by atomic
force microscopy (AFM, VEECO multimode; USA.) and Fourier transform infrared
spectroscopy (FTIR, Nicolet Nexus spectrometer). Zeta-potential (z) and dynamic
light scattering particle size analysis DLS measurements were also performed in pH
5 solutions in a Zetasizer Nano Series instrument equippedwith a 633 nm “red” laser
from Malvern Instruments with reproducibility being verified by collection and
comparison of sequential measurements. Z-average sizes of three sequential
measurements were collected at RT and analyzed.
2.2. Cell culture for FITC-GO nanosheet incorporation and cell proliferation studies
Saos-2 osteoblasts, MC3T3-E1 preosteoblasts and RAW-264.7 macrophages
were seeded at a density of 105 cells/mL in culture medium supplemented with 10%
FBS, 1 mM L-glutamine, penicillin, streptomycin, under a 5% CO2 atmosphere and at
37 C for 24 h in contact with 75 mg/mL FITC-GO material. Then, the attached cells
were harvested using either 0.25% trypsin-EDTA (in Saos-2 and MC3T3-E1 cells) or
cell scrapers (in RAW-264.7 cells) and counted with a Neubauer hemocytometer.
The fluorescence of FITC-GO was excited at 488 nm and measured with a 530/30
band pass filter in a FACScalibur Becton Dickinson flow cytometer.
2.3. Intracellular reactive oxygen species (ROS) content and cell viability
After culture with GO material and detachment, cells were incubated with
100 mM 20 ,70-dichlorofluorescein diacetate (DCFH/DA) (37 C for 30 min). DCF fluo-
rescence was excited at 488 nm and measured with a 530/30 band pass filter in
a FACScalibur Becton Dickinson flow cytometer. In these assays, the basal green
fluorescence of FITC-GOs associated to cells in the absence of DCFH/DA, was sub-
tracted from the total fluorescence values (FITC-GOs plus DCF), in order to measure
only the DCF fluorescence due to the DCFH oxidation by ROS. Cell viability was
determined by addition of propidium iodide (PI; 0.005% in PBS). The PI exclusion
indicates the plasma membrane integrity.
2.4. Cell-cycle analysis and apoptosis detection
After culture with GO material and detachment, cells were incubated for 30 min
with Hoechst 33258. Hoechst fluorescence was excited at 350 nm and measured at
450 nm in a LSR Becton Dickinson flow cytometer. The fluorescence of Hoechst wasexcited at 350 nm and the emission was measured at 450 nm in a LSR Becton
Dickinson flowcytometer. The cell percentage in each cycle phase: G0/G1, S and G2/M
was calculated with the CellQuest Program of Becton Dickinson and the SubG1
fraction was used as indicative of apoptosis.2.5. Cell size and complexity
Forward angle (FSC) and side angle (SSC) scatters were indicative of cell size and
complexity respectively using a FACScalibur Becton Dickinson flow cytometer.2.6. Confocal microscopy studies
Cells were seeded on glass coverslips and cultured in the presence of FITC-GO
material for 24 h, fixed with 3.7% paraformaldehyde in PBS, permeabilizated with
0.1% Triton X-100 and preincubated with PBS containing 1% BSA. Then, cells were
incubated for 20 min with rhodamine-phalloidin (1:40), stained with 40-6-
diamidino-20-phenylindole (DAPI, 3  106 M in PBS) and examined using a Leica
SP2 Confocal Laser Scanning Microscope. Rhodamine fluorescence was excited at
540 nm and measured at 565 nm. DAPI fluorescence was excited at 405 nm and
measured at 420e480 nm. FITC fluorescencewas excited at 488 nm andmeasured at
491e586 nm.2.7. Inflammatory cytokine detection
IL-1b, TNF-a, and IL-6 cytokines released by cells to the culture medium were
quantified by ELISA with a Gen-Probe Diaclone kit.2.8. Statistics
Data are expressed as means þ standard deviations of a representative of three
experiments carried out in triplicate. Statistical analysis was performed using the
Statistical Package for the Social Sciences (SPSS) version 19 software. Statistical
comparisons were made by analysis of variance (ANOVA). Scheffé test was used for
post hoc evaluations of differences among groups. In all of the statistical evaluations,
p < 0.05 was considered as statistically significant.
Fig. 3. GOs incorporation (A) and effects on proliferation (B) of human Saos-2 osteoblasts, murine MC3T3-E1 preosteoblasts and murine RAW-264.7 macrophages after 1 day
treatment. Controls without GOs were also carried out.
Table 1
Effect of 1-GOs and 6-GOs on cell viability of human Saos-2 osteoblasts, murine
MC3T3-E1 preosteoblasts and murine RAW-264.7 macrophages after 1 day treat-
ment. Controls without GOs were also carried out. Statistical significance: *p < 0.05,
***p < 0.005.
Control 1-GOs 6-GOs
Saos-2 96.24  0.65 94.73  0.28* 94.91  0.28*
MC3T3-E1 97.67  0.66 94.47  2.08* 97.60  0.32*
RAW-264.7 89.55  0.33 84.05  0.30*** 83.67  1.02***
M.-C. Matesanz et al. / Biomaterials 34 (2013) 1562e156915643. Results and discussion
Although graphene oxide (GO) is considered themost promising
“nanoparticle” for biomedical applications due to its small two-
dimensional shape besides its electrical and mechanical proper-
ties, only a few data concerning the cell responses to this material
have been described [23e25] and the GO biocompatibility has not















































Fig. 4. GOs effects on ROS production of human Saos-2 osteoblasts, murine MC3T3-E1 preos
referred as percentage in relation to the controls (100%) carried out without GOs. Statisticananosheets (GOs) decorated with 1-arm (1-GOs) and 6-arm (6-
GOs) PEG have been incubated with different cultured cell types
to analyze several key cell markers for in vitro biocompatibility
evaluation.
A complete characterization of the material has been previously
published by our group [21]. As a brief description, GOs have shown
in AFM to be thin, of 3e4 layers of graphene with an average
thickness around 1.8 nm (Fig. 1) as confirmed by TEM (Fig. 2).
Particle sizes observed are in agreement with the range obtained by
DLS analysis, showing a hydrodynamic size distribution in the
range of c.a. 10e120 nm with a maximum located around 40 nm.
The GOs functionalization by covalent bonding with either
1-arm or 6-arm PEG was carried out to decrease aggregation
processes. As it was expected, hydrodynamic particle size increased
with the increasing number of branches of the PEG, shifting the
maximum hydrodynamic size from 40 nm of the GO, to 95 and
190 nm for the 1-arm and 6-arm pegylated GO respectively. These
samples, named 1-GOs and 6-GOs, respectively, were marked with








teoblasts and murine RAW-264.7 macrophages after 1 day treatment. This production is
l significance: **p < 0.01, ***p < 0.005.
M.-C. Matesanz et al. / Biomaterials 34 (2013) 1562e1569 1565evaluate the GOs uptake by three cell types with specific functions:
two osteoblastic cell lines in diverse stages of differentiation and
a macrophagic cell type. Saos-2 osteoblasts are a human osteosar-
coma cell line usually employed as experimental model for in vitro
studies [26,27] due to its osteoblastic properties as production of
mineralized matrix, high levels of alkaline phosphatase, PTH
receptors coupled to adenylate cyclase and osteonectin presence
[28]. The preosteoblastic cell line MC3T3-E1 has been established
from a C57BL/6 mouse calvaria and has the capacity to differentiate
into osteoblasts and osteocytes forming calcified bone tissue
in vitro. On the other hand, RAW-264.7 cells are functional
macrophages with the ability of pinocytose and phagocytose [29]
as immune cells.
Fig. 3A shows the incorporation differences between both GOs
in human Saos-2 osteoblasts, murine MC3T3-E1 preosteoblasts and
murine RAW-264.7 macrophages after 1 day treatment. As it has
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Fig. 5. GOs effects on cell-cycle phases of human Saos-2 osteoblasts after 1 day
treatment. A) Control cells without GOs; B) and C) cells treated with 1-GOs and 6-GOs,
respectively.1-GOs uptake than 6-GOs incorporation in all cases and reveal that
the cell associated GOs amount also depends on the cell type. Thus,
the osteoblastic cell lines Saos-2 and MC3T3-E1 internalize more
GOs than macrophages, obtaining the highest uptake in Saos-2
cells.
Both facts are related with non-phagocytic cells preference for
the uptake of smaller particles and with the PEG having nonfouling
or protein resistant properties that were specifically included lo
limit the interaction with biological interfaces in order to decrease
particle uptake by macrophages for increasing their circulation
time.
Moreover, this behavior could be due to the characteristics of
this human osteosarcoma cell line and this fact may have a great
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Fig. 6. GOs effects on cell-cycle phases of murine MC3T3-E1 preosteoblasts after 1 day












































































































Fig. 7. GOs effects on cell-cycle phases of murine RAW-264.7 macrophages after 1 day





























Fig. 8. GOs effects on G0/G1 cell-cycle phase of murine RAW-264.7 macrophages after
24 h and 72 h treatments with 1-GOs and 6-GOs. Control without GOs were also
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Fig. 9. GOs effects on light scattering properties of human Saos-2 osteoblasts after 1
day treatment. A) control cells without GOs; B) and C) cells treated with 1-GOs and 6-
GOs, respectively. Forward angle (FSC) and 90 side angle (SSC) light scatters were
analyzed by flow cytometry as a measurement of cell size and internal complexity,
respectively.
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M.-C. Matesanz et al. / Biomaterials 34 (2013) 1562e1569 1567cancer therapy, once the GOs uptake kinetics of different cell types
is well known.
The effects of GOs incorporation on the proliferation of Saos-2,
MC3T3-E1 and RAW-264.7 cells were also evaluated after 1 day
treatment. Although these three cell types can proliferate in contact
with both 1-GOs and 6-GOs materials, a slight growth delay
induced by GOs is observed in comparison with the respective
control cells cultured on tissue culture plastic (Fig. 3B). Some
authors have recently evaluated the interaction of cells with gra-
phene films and scaffolds observing that these substrates promote
adherence of human osteoblasts [23] and accelerate the osteogenic
differentiation of human mesenchymal stem cells [25]. However,
the growth delay observed in the present study is probably due to
the different interaction of cells with nanosized particles of GO,
instead of surfaces, which is affecting their proliferation rate. On
the other hand, high values of cell viability evaluated by propidium
iodide (PI) exclusion were obtained, and this parameter remains
over 80e90% in all cases (Table 1). This exclusion test demonstrates
the plasmamembrane integrity which avoids the PI penetration for
intracellular DNA staining. Although recent studies indicate that
the direct interaction between GOs and cells can result in physical
damage to the plasma membrane, this effect is largely attenuated
when GO is incubated with fetal bovine serum (FBS) due to the
extremely high protein adsorption ability of GO [20].Fig. 10. Morphology evaluation by confocal microscopy of cultured human Saos-2 osteoblast
of the cell nuclei in blue, rhodamine-phalloidin (B) for the visualization of cytoplasmic F-actin
the whole composition with the three stainings revealing that FITC-GOs colocalizes with rh
also carried out. (For interpretation of the references to color in this figure legend, the readSince direct or indirect generation of reactive oxygen species
(ROS) and oxidative stress induction are the leading toxicity
mechanisms proposed for engineered nanomaterials [2], the effects
of 1-GOs and 6-GOs on intracellular ROS content of Saos-2, MC3T3-
E1 and RAW-264.7 cells were studied after 1 day treatment with
the probe DCFH/DA. Fig. 4 reveals that GOs materials produce
significant increases (***p < 0.005 and **p < 0.01) of ROS levels in
all cell types except 1-GOs in Saos-2 cells. In these assays, the basal
green fluorescence of FITC-GOs associated to cells in the absence of
DCFH/DA, was subtracted in order to measure only the DCF fluo-
rescence due to the DCFH oxidation by ROS.
Recent toxicological studies withmultifunctional graphene have
revealed non-cytotoxic results in HeLa cells without significant
amounts of ROS and apoptosis [14]. However, pristine graphene can
induce cytotoxicity in RAW-264.7 macrophages through the
depletion of the mitochondrial membrane potential and the
increase of ROS, triggering apoptosis by activation of the mito-
chondrial pathway through the MAPKs and the TGF-beta-related
signaling pathways [30].
Considering both the proliferation delay and the enhanced ROS
production induced by GOs in the present study, it was also of
interest to analyze the effects of these materials on the cell-cycle
phases and apoptosis of Saos-2, MC3T3-E1 and RAW-264.7 cells.
Proliferation is dependent on the cell-cycle progression, in whichs after 1 day treatment with GOs. Cells were stained with DAPI (A) for the visualization
filaments in red and FITC-GOs for the visualization of GOs in green (C). Fig. 10 D shows
odamine-phalloidin resulting in yellow/orange coloration. Controls without GOs were
er is referred to the web version of this article.)
Fig. 11. Morphology evaluation by confocal microscopy of cultured murine MC3T3-E1 preosteoblasts (A) and murine RAW-264.7 macrophages (B) after 1 day treatment with GOs.
Cells were stained with DAPI for the visualization of the cell nuclei in blue, rhodamine-phalloidin for the visualization of cytoplasmic F-actin filaments in red and FITC-GOs for the
visualization of GOs in green. Figure shows the whole composition with the three stainings revealing that FITC-GOs colocalizes with rhodamine-phalloidin resulting in yellow/



































Fig. 12. GOs effects on IL-6 release by cultured human Saos-2 osteoblasts after 24, 48
and 72 h treatment. Controls without material were also carried out.
M.-C. Matesanz et al. / Biomaterials 34 (2013) 1562e15691568cells pass through the G0/G1 phase (Quiescence/Gap 1) to the S
phase (Synthesis) and finally to the G2/M phase (Gap 2 andMitosis).
SubG1 fraction corresponds to cells with fragmented DNA and it is
indicative of apoptosis. Figs. 5e7 show the cycle profiles and cell
percentages in each cycle phase of these three cell types after 1 day
culture in the presence of 1-GOs (Figs. 5e7B) and 6-GOs (Figs. 5e
7C). Controls without materials were always carried out (Figs. 5e
7A). As it can be observed, the effects of these materials on cell
proliferation are accompanied by some cell-cycle alterations. SubG1
fraction shows a slight but significant apoptosis increase
(***p< 0.005) induced by both GOs in all cell types except by 6-GOs
in MC3T3-E1 cells. The G0/G1 percentages of MC3T3-E1 preosteo-
blasts and RAW-264.7 macrophages are significantly increased
(***p < 0.005) by treatment with both GOs in comparison with
control values in the absence of GOs. These G0/G1 increases are
accompanied by significant decreases of S fractions, thus indicating
a G0/G1 cell-cycle phase arrest induced by GOs in these two cell
types, mainly in the macrophagic cell line which showed a more
pronounced G0/G1 arrest after 72 h treatment (Fig. 8). Saos-2 and
MC3T3-E1 cells show a significant decrease of G2/M phase
(***p < 0.005) which can be also related to the observed growth
delay and reveals an alteration of the capacity for mitotic division.
In many cases, apoptosis and cell-cycle arrest are connected [31].
Generally, the eukaryotic cell-cycle progression is regulated by
sequential activation and subsequent inactivation of a series of
cyclin-dependent kinases (Cdks) during the corresponding phases.
Cellular responses such as cell-cycle arrest or apoptosis depend on
the toxicants (which can produce either activation or inhibition of
cell checkpoints), the cell type and where cells are in the cell-cycle
when they encounter these damaging agents. Since some anti-
cancer treatments are based on cell-cycle arrest and induction of
apoptosis [32,33], the GOs effects on cell-cycle observed in the
present study must be considered in further studies focused on
photothermal cancer therapy and it may be used as a synergistic
factor that could be deliberately increased in targeted anti-cancer
treatments.
When light scattering properties of these three cell types
cultured in contact with GOs were evaluated by flow cytometry, no
cell size or complexity alterationswere observed. Fig. 9 shows these
parameters measured through forward angle (FSC) and 90 sideangle (SSC) light scatters respectively with human Saos-2 osteo-
blasts after 1 day GOs treatment. Results concerning MC3T3-E1 and
RAW-264.7 cells also demonstrate no differences between GOs
treated and control cells (data not shown).
Confocal microscopy techniques were carried out to evaluate
the Saos-2, MC3T3-E1 and RAW-264.7 morphology in the presence
of GOs and to study its intracellular localization. The typical char-
acteristics of osteoblasts, preosteoblasts and macrophages are
observed in the presence of FITC-GOs (in green), rhodamine-
phalloidin (to stain F-actin filaments in red) and DAPI (for nuclear
staining in blue) (Fig. 10AeC). The present study demonstrates that
GOs materials are co-localized with rhodamine-phalloidin (result-
ing in yellow/orange coloration), evidencing that internalized GO
nanosheets are positioned closed to F-actin filaments (Figs. 10D and
11). This fact can be related to the observed alterations produced by
GOs materials on cell cycle (Figs. 5e7) because it is well established
that actin microfilaments have to be intact for G1 progression, S
phase entry and mitotic division [34].
Cytokines are oxidative stress-sensitive generated molecules
which can act as pivotal ROS mediators with an important role in
the maintenance of cellular homeostasis [35]. Since interleukin-6
(IL-6) has been shown to protect against different compound-
M.-C. Matesanz et al. / Biomaterials 34 (2013) 1562e1569 1569induced cytotoxicity [36], the production of this proinflammatory
cytokine was evaluated in the culture medium after treatment of
cells with both GOs during different times. As it can be observed in
Fig. 12, both materials seem to affect the cytokine production by
Saos-2 cells showing a significant decrease of IL-6 levels more
pronounced after 72 h treatment with 6-GO. No significant alter-
ations were detected in the other cell types (data not shown).
4. Conclusions
In this study Saos-2 osteoblasts, MC3T3-E1 preosteoblasts and
RAW-264.7 macrophages were cultured with GO nanosheets (GOs)
decorated with 1-arm (1-GOs) and 6-arm (6-GOs) PEG to analyze
several key cell markers for in vitro biocompatibility evaluation.
After internalization, GOs are localized on F-actin filaments
inducing cell-cycle alterations, apoptosis and oxidative stress.
These GOs effects must be considered in further studies focused on
photothermal cancer therapy as a synergistic factor.
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como  modelo  experimental.  Para  ello  se  ha  utilizado  un  láser  diodo  de  alta  potencia 
(30W)(LASING S.A.) de emisión a 808nm que permite la irradiación de un área circular de 3 cm 
de diámetro (4 J/cm2). En este estudio se han empleado diferentes condiciones de irradiación 
con  el  láser: potencia  (1,5 w/cm2  y 3 w/cm2)  y  tiempo de  exposición  (1, 4, 7, 15 minutos), 
evaluando  los efectos del aumento de  temperatura en  las células que contienen nano‐GO y 
analizando  los  dos  tipos  principales  de muerte  celular,  apoptosis  y  necrosis.  Puesto  que  la 
muerte  por  necrosis  normalmente  va  asociada  a  un  proceso  inflamatorio  con  secreción  de 
citoquinas y activación de células de la respuesta inmune, los niveles de IL‐6 fueron analizados 
en el medio de cultivo después de cada exposición. 
Los  resultados obtenidos  se  resumen a continuación y han dado  lugar a  la  siguiente 
publicación: 
‐ Vila M, Matesanz MC, Gonçalves G, Feito MJ, Linares J, Marques PAAP, Portolés MT, Vallet‐




















Figura  37.  Porcentaje  de  poblaciones  necróticas  y  apoptóticas  (A)  y  proliferación  celular  (B)  en  cultivos  de 
osteoblastos Saos‐2 irradiados durante 15 minutos a 1,5 W/cm2 (TELA) o 3 W/cm2 (TELB).  Gráficas procedentes de 
[Vila M et al. 2014, Nanotechnology]. 
Por  otra  parte,  se  observó  una  mayor secreción de  IL‐6 por las células  sometidas  a 
tiempos largos de irradiación (15 minutos) tanto con potencias bajas como altas de láser.  
Los  efectos  adversos  de  la  hipertermia  se  comprobaron mediante  el  estudio  de  la 







El  presente  estudio  sugiere  la  posibilidad  de  provocar  la  reducción  de  tumores  por 
hipertermia seleccionando  las condiciones de tiempo y potencia de exposición que permitan 
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Abstract
Graphene oxide (GO) has been proposed as an hyperthermia agent for anticancer therapies
due to its near-infrared (NIR) optical absorption ability which, with its small two-dimensional
size, could have a unique performance when compared to that of any other nanoparticle.
Nevertheless, attention should be given to the hyperthermia route and the kind of GO–cell
interactions induced in the process. The hyperthermia laser irradiation parameters, such as
exposure time and laser power, were investigated to control the temperature rise and
consequent damage in the GOs containing cell culture medium. The type of cell damage
produced was evaluated as a function of these parameters. The results showed that cell culture
temperature (after irradiating cells with internalized GO) increases preferentially with laser
power rather than with exposure time. Moreover, when laser power is increased, necrosis is the
preferential cell death leading to an increase of cytokine release to the medium.
Keywords: graphene oxide, cell death, cancer therapy, hyperthermia, photothermal therapy
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1. Introduction
One of the most novel approaches of nanomedicine for
targeting of tumours is the application of nanosystems as
‘Trojan horses’ to achieve tumour cell destruction while
producing minimal side effects on healthy cells [1].
Nevertheless, an aggressive tumour microenvironment
provokes drug resistance and tumour progression, whereas
the extracellular matrix block penetration of drugs and
nanoparticles leaves them concentrated in perivascular
regions [2]. Although the initial burst of in vivo tests
of these nanosystems has shown a potential efficiency,
5 Address for correspondence: Facultad de Farmacia, Universidad Com-
plutense, E-28040-Madrid, Spain.
confirming that they could be the next generation of cancer
treatments, their application will not be feasible without
a previous understanding of vector–cell/tissue interactions,
possible toxicity, and accumulation in organs [3–5]. This fact
is slowing down the potential development of nanomedicine-
based therapies for treating cancer.
Taking profit of the enhanced permeability and retention
(EPR) effect, which allows preferential concentration of
nanosystems on the tumour peripheric cells, hyperthermia
mediated by these systems was suggested as an efficient
therapy by triggering thermal heating on the tumoral area, thus
producing preferential cell death after internalization of these
nanoparticles [6, 7].
Although hyperthermia is a well-known concept [8], little
is known about the type of damage, cell death, and secondary
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Table 1. Laser irradiation time and laser irradiation powers.
T short (TS) T medium (TM) T long (TL) T extra-long (TEL)
1 min 4 min 7 min 15 min
Low power (A) TSA TMA TLA TELA
1.5 W cm−2
High power (B) TSB TMB TLB TELB
3 W cm−2
effects that these nanosystem-mediated therapies can provoke
locally [9, 10], and attention should be given to the cell
reactions that accompany the process.
Among hyperthermia potential agents, graphene repre-
sents the most thrilling discovery of the last decade [11].
Graphene and graphene oxide (GO), more orientated for
this kind of application, have a strong near-infrared (NIR)
(700–1100 nm range) optical absorption ability, and their
unique and smaller two-dimensional shape and aspect ratio
are incomparable to those of any other particle. Furthermore,
it is mandatory to point out the low cost of production of
GO in comparison with that of gold or magnetic responsive
nanosystems. The use of NIR light for the induction of
hyperthermia is particularly attractive, because biological
systems mostly lack chromophores that absorb in the NIR
region. Hence, tumours could be treated with an NIR
laser emitting in the ‘therapeutical window’, where it is a
non-invasive, harmless, and skin-penetrating irradiation. In
vitro and in vivo experiments have already been successfully
carried out by several authors [12–14].
Nevertheless, little is known about the interactions
of these nanomaterials with cells for producing safe
and efficient tumour cell destruction avoiding damage on
untreated cells. We have recently published that, although
is well known that cell-internalized pegylated graphene
oxide nanosheets are efficient at producing cell death
when activated by hyperthermia, high concentrations of this
material cause a dose-dependent oxidative stress in different
cell types and a slight loss of their viability [15]. Moreover,
after internalization, nanosheets were localized on F-actin
filaments inducing cell-cycle alterations and apoptosis [16].
In this work, we continued our previous study of cell
internalization kinetics (specifically for targeting tumoral
osteoblasts on a bone cancer model) by evaluating the type
of toxicity and cell damage produced by this hyperthermia
treatment in order to investigate the process and open the door
to future understanding of the application and versatility of
these nanovectors. Moreover, by controlling the type of cell
damage provoked by the application of these nanosheets and
its hyperthermia temperature, there is a chance of controlling
the type of cell death (e.g., apoptosis or necrosis) [17], in
order to tailor the possible immune response to the induced
harm. This could alert the local antigen-presenting cells to
stimulate the immune system, as any intracellular product
will potentially be a danger signal when released [18]. As
a proof of concept we have also assessed the release of
pro-inflammatory cytokines.
2. Material and methods
2.1. GO nanosheets
GO nanosheets have been prepared following the method
previously published by the authors [15]. Basically, GO
nanosheets were functionalized by covalent bonding with
non-toxic and non-immunogenic polymers poly(ethylene
Glycol-amine), 1-arm PEG bis(3-aminopropyl) terminated
(1.5 kDa), to avoid the intercession with cellular functions
or target immunogenicities and to decrease aggregation.
They were marked with the amine-reactive dye fluorescein
isocyanate (FITC) covalently bonded to the PEG. Samples
with these characteristics are called GO nanosheets for
simplification. Transmission electron microscopy (TEM) was
performed on a 200 kV JEOL JEM 2100. GO nanosheets
were analysed by atomic force microscopy (AFM, VEECO
multimode; USA). Dynamic light scattering (DLS) particle
size analysis measurements were also performed in pH 5
solutions in a Zetasizer Nano Series instrument equipped
with a 633 nm ‘red’ laser from Malvern Instruments, with
reproducibility being verified by collection and comparison
of sequential measurements.
2.2. Cell culture for GO nanosheet incorporation
Saos-2 osteoblasts were seeded at a density of 105 cells ml−1
in culture medium supplemented with 10% FBS, 1 mM
L-glutamine, penicillin, and streptomycin, under a 5% CO2
atmosphere and at 37 ◦C for 24 h in contact with 75 µg ml−1
GO material.
2.3. NIR laser irradiation
NIR radiation was provided by a high-power (30 W) diode
laser (LASING S.A.) emitting in 808 nm, giving a circular
irradiation area of diameter 3 cm (fluency: 4 J cm−2).
The module allows irradiation of culture plates in a sterile
environment.
Irradiation was performed after GO–cell uptake which,
based on previous results, was considered complete after
24 h of Saos-2 exposure to GO solution. Laser irradiations
were performed at two different powers and four irradiation
times; see the nomenclature of table 1. Afterwards, cells were
harvested using 0.25% trypsin–EDTA and counted with a
Neubauer hemocytometer. Three types of control have been
taken into account in the work: cells without GO exposure and
without laser irradiation (named CONTROL), cells exposed
2
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Figure 1. (a) Transmission electron micrograph of activated GOs. (b) GO particle size distribution obtained by DLS analysis. (c) AFM
topographic image of dispersed GOs.
to GO but without laser irradiation (named CONTROL GO)
and cells irradiated with the laser but without GO exposure
(named CONTROL Laser).
A set of experiments was carried out to evaluate the
cell morphology after the irradiation treatment. With this
objective, the cultures were maintained under a 5% CO2
atmosphere and at 37 ◦C for 24 h after GO treatment and laser
exposure. These experiments were carried out for the two laser
powers and a laser irradiation time of 7 min.
Changes of cell culture temperature during laser
irradiation were measured with a PyroPen pyrometer (Calex
Electron. Ltd).
2.4. Identification of viable, apoptotic, and necrotic cells.
Evaluation of FITC–GO incorporation
After culture with GO material and laser treatment, cells were
detached and incubated with propidium iodide (PI, 0.005%
in PBS), and the PI fluorescence and cell light scattering
properties (FSC) were simultaneously examined in a
FACScan Becton Dickinson flow cytometer for identification
of viable, apoptotic, and necrotic cells, as previously
described [19]. To evaluate the FITC–GO incorporation by
each cell fraction, the fluorescence of FITC was excited by
a 15 mW laser tuned to 488 nm, and the emitted fluorescence
was measured with a 530/30 band pass filter in a FACSCan
Becton Dickinson flow cytometer.
2.5. Inflammatory cytokine detection
IL-6 cytokines released by cells to the culture medium were
quantified by ELISA with a Gen-Probe Diaclone kit.
2.6. Confocal microscopy studies
Cells were seeded on glass coverslips and cultured in
the presence of GO material for 24 h. Before and after
laser irradiation, different samples were fixed with 3.7%
paraformaldehyde in PBS, permeabilizated with 0.1% Triton
X-100, and preincubated with PBS containing 1% BSA. Then,
cells were incubated for 20 min with rhodamine–phalloidin
(1:40), stained with 4′-6-diamidino-2′-phenylindole (DAPI,
3 × 10−6 M in PBS), and examined using a Leica SP-2
AOBS confocal laser scanning microscope. The rhodamine
fluorescence was excited at 540 nm and measured at 565 nm.
The DAPI fluorescence was excited at 405 nm and measured
at 420–480 nm. The FITC–GO fluorescence was excited at
488 nm and measured at 491–586 nm.
2.7. Statistics
Data are expressed as means + standard deviations of a
representative of three experiments carried out in triplicate.
Statistical analysis was performed using the statistical
3
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Figure 2. (a) Effects of either GOs or laser irradiation on the
percentage of necrotic and apoptotic human Saos-2 osteoblasts.
Statistical significance: ###p < 0.005 between necrotic and apoptotic
cells. (b) FITC–GOs incorporated by necrotic, apoptotic, and viable
cells. Control = cells without laser irradiation and without GOs.
Control GO = cells without laser irradiation and with GOs. Control
laser = cells without GOs and with laser irradiation. Statistical
significance: ∗∗∗p < 0.005; values are compared with the Control.
package for the social sciences (SPSS) version 19 software.
Statistical comparisons were made by analysis of variance
(ANOVA). The Scheffe´ test was used for post hoc
evaluations of differences among groups. In all of the
statistical evaluations, p < 0.05 was considered as statistically
significant. There are two different statistical representations:
(∗) indicates significative differences with respect to the
control, and (#) represents significative differences between
necrotic/apoptotic cells.
3. Results and discussion
The exfoliation procedure of graphite gave rise to GO
nanosheets of approx 3–4 layers, and after subsequent
ultrasonic treatment and chemical functionalization resulted
in sheets of pegylated GO labelled with fluorescent FITC with
a hydrodynamic maximum size around 100 nm (see figure 1).
A more detailed description of these material properties has
been published previously [15].
Based on our previous studies of the GO internalization
kinetics by osteoblast-like cells (Saos-2), the laser irradiation
experiments were performed after culturing cells for 24 h in
a GO-containing medium, as explained in section 2.3. At that
time, the GO was considered to be fully taken up by cells [15].
First of all, in order to distinguish the cell damage
produced only by simple cell exposure to GO from possible
Figure 3. (a) Changes in temperature versus irradiation time at the
two different laser powers. (b) Effects of GOs and two different
laser powers (A, B) and three different times (L, M, S) on the
percentage of necrotic and apoptotic human Saos-2 osteoblasts.
Statistical significance: ∗p < 0.05; values are compared with the
Control; ##p < 0.01 between necrotic and apoptotic cells.
damage to untreated cells by the laser irradiation, different
controls were considered and studied to be compared with the
subsequent hyperthermia experiment results (figure 2(a)).
As was expected, laser irradiation of cells on the
NIR wavelength ‘therapeutical window’, without any GO
incorporation (control laser) resulted in no harmful effect
when compared to the control. Nevertheless, confirming what
we found out in our previous results, the simple internalization
of GO (at a widely published used concentration and dose)
by cells leads to an increase of cell death by apoptosis due
to GOs being localized on F-actin filaments, which induces
cell-cycle alterations, apoptosis, and oxidative stress [16],
suggesting that a dose reduction is needed for achieving an
optimal therapy performance. In this case, GO incorporation
was detected by the increase of fluorescence due to FTIC
labelling; see figure 2(b).
The first irradiation experiment was performed after 24 h
culture of Saos-2 cells in the presence of GO solution.
The increase of culture temperature induced by the laser
irradiation is shown in figure 3(a). The different effects
of laser exposure time and laser power are summarized
in figure 3(b). It can be seen that, for low laser power
(1.5 W cm−2), there are not significant differences in cell
death when the laser exposure time is increased from 1
to 7 min and the temperature is always maintained below
45 ◦C. Nevertheless, the dependence on the laser power is
highly noticeable. For high laser power (3 W cm−2), already
the second exposure time (4 min) increases the temperature
to above 50 ◦C, leading to significant differences in death
provoked by necrosis. GO incorporation was monitored after
the experiment (figure S1 supporting information available
at stacks.iop.org/Nano/25/035101/mmedia) showing that the
remaining viable cells were the ones that hardly take up any
GO. Table 2 shows the percentage of cell residue and of
necrotic, apoptotic, and viable cells after the laser irradiation
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Table 2. Effect of GOs on cell viability of human Saos-2 osteoblasts, after laser irradiation treatment.
Cell residue Necrotic Apoptotic Viable cells
Control### 4.6 ± 0.7 0.9 ± 0.1 4.8 ± 0.3 88.1 ± 0.5
LB### 4.6 ± 0.4 1.2 ± 0.2 6.9 ± 0.1 86.2 ± 0.3
TLA 16.6 ± 1.03a 7.3 ± 0.3 8.3 ± 0.7 62.6 ± 1.8b
TLB 30.3 ± 1.4c 12.9 ± 6.1a 7.2 ± 0.4 37.8 ± 5.1b
TMA 14.8 ± 1.1a 4.4 ± 0.4 7.7 ± 0.2 68.2 ± 2.2b
TMB 21.8 ± 0.4a 14.1 ± 1.1a 5.9 ± 0.1 53.6 ± 1.4b
TSA 12.1 ± 1.3a 6.0 ± 0.2 7.1 ± 0.8 71.1 ± 2.0a
TSB 13.6 ± 1.4a 10.2 ± 0.6 8.7 ± 2.1 63.4 ± 3.1b
a Statistical significance at p < 0.05.
b Statistical significance at p < 0.005.
c Statistical significance at p < 0.01.
Figure 4. GOs effects on IL-6 release by cultured human Saos-2
osteoblasts after laser irradiation at different powers and exposure
times.
experiments. The results show that for high power and long
time (TLB) only ∼38% of viable cells are left, and necrosis
(necrotic cells plus increased cell residue percentages) is the
leading death process for this treatment. The same behaviour
is shown for high power and medium time (TMB), where only
∼54% are viable, which is proportional, in this case, to the
shorter irradiation time.
Due to the importance of controlling the type of cell
death provoked and its consequences on the immune response,
the effects on cytokine release after these treatments were
assessed. Apoptotic cell death is often defined as programmed
cell death in the absence of inflammation, suggesting that
is an immunologically innocuous event that fails to activate
immune responses unless under certain circumstances (some
induction of apoptotic cell death in vitro resulted in T cell
activation). On the other hand, necrotic cell death is normally
associated with inflammation and induction of dendritic cell
maturation causing strong immune responses [20]. Moreover,
necrosis is capable of killing tumour cells that have developed
strategies to evade apoptosis. Cells which die by this route
initiate pro-inflammatory signalling cascades by actively
releasing inflammatory cytokines and spilling their contents
when they lyse.
Taking this into account, the secretion of interleukin-6
(IL-6) was assessed as a model of multifunctional cytokines
which mediate various inflammation and cellular immune
Figure 5. (a) Effects of GOs and two different laser powers (TELA,
TELB) on the percentage of necrotic and apoptotic human Saos-2
osteoblasts. (b) Effects of GOs and two different laser powers
(TELA, TELB) on cell proliferation. Control = cells without laser
irradiation and without GOs. Statistical significance: ∗∗p < 0.01,
∗∗∗p < 0.005; values are compared with the Control.
responses [21]. Figure 4 shows the IL-6 releases to the
medium after each studied laser power and laser exposure
time. As was expected from the results of cell death
evaluation, effectively there is a significantly higher IL-6
release when both high laser power and high laser exposure
time are applied (TLB). This result is of great importance as
it could be the key for producing a localized body immune
response if needed and could be part of the anticancer therapy.
By controlling the type of cell death and damage, in agreement
with the ‘danger model’ [22], nanovectors could eradicate a
tumour by infecting it and/or causing it repeated damage in
5
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Figure 6. Morphology evaluation by confocal microscopy of cultured human Saos-2 osteoblasts in the presence of GOs after 7 min of
1.5 W cm−2 laser irradiation and 24 h of repose.
order to alert the local antigen-presenting cells to stimulate
the immune system and work with the help of the best of
weapons, the human body itself. Moreover, the fact that there
is also a significant IL-6 release after low power irradiation
at high exposure time (TLA) means that, even with lower
necrotic damage, immune activation could be induced for
softer treatment parameters.
When longer exposure times were used and left in repose
for 24 h (figure 5(a)), as was expected, a higher necrosis
occurred for both laser powers, with the high power treatment
being more harmful, which was reflected also as a detrimental
effect on cell proliferation; see figure 5(b). GO incorporation
was also monitored by the FICT fluorescence (figure S2
supporting information available at stacks.iop.org/Nano/25/
035101/mmedia), confirming these results.
The aggressive effects of the hyperthermia treatment are
also corroborated by the confocal images of cell cultures
before and after the treatments. Figure 6(a) shows the
GO incorporated on the cultured osteoblast-like cell. Cells
were stained with DAPI for the visualization of the cell
nuclei in blue, rhodamine–phalloidin for the visualization of
cytoplasmic F-actin filaments in red, and FITC–GOs for the
visualization of GOs in green. As was previously published
by the authors, figure 6(a) (right down corner), shows the
whole composition with the three stainings, revealing that
FITC–GO co-localizes with rhodamine–phalloidin, resulting
in yellow/orange colouration. Figure 6(b) shows the cell
culture after irradiation (low power, 7 min of laser exposure
and 24 h of repose). It can be seen that necrosis is the
leading process of cell death with the disorganized F-actin
micro-filaments producing cell death.
4. Conclusions
Laser dosage and irradiation exposure time were investigated
to control the temperature rise and consequent damage in the
GOs containing cell culture medium. These results showed
that cell culture temperature (after irradiating cells with
internalized GO) increases preferentially with laser power
rather than with exposure time. Moreover, when the laser
power is increased, necrosis is the preferential cell death,
leading to an increase of cytokine release to the medium.
The present study suggests that, by controlling the cell
viability and tailoring cell death, the threshold for producing
thermal ablation with soft or harmful damage could be
specifically achieved. It has been also tested that irradiation
over cells that have not been exposed to a GO nanovector
medium does not alter their vital functions in any manner.
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Figure S1.  Incorporation of GOs labelled with FITC by human Saos-2 osteoblasts and its 
relationship with the percentage of viable, necrotic and apoptotic cell death provoked by the 
two different laser powers (A,B) and three different times (L,M,S). 
Figure S2.  Incorporation of GOs labelled with FITC by human Saos-2 osteoblasts and its 
relation with the percentage of necrotic and apoptotic cell death provoked by the two 
different laser powers (A,B) and extra long exposure time after 24 h of repose. Statistical 
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tipos  celulares  estudiados,  induciendo  alteraciones  del  ciclo  celular,  apoptosis  y  estrés 
oxidativo. 
3‐  La  inducción  in  vitro  de  hipertermia  sobre  células  de  osteosarcoma  humano  Saos‐2  
cultivadas  con  nano‐GO  como  modelo  experimental  demuestra  que  el  incremento  local  de 
temperatura  depende  de  la  potencia  del  láser  durante  la  irradiación  y  del  tiempo  de 
exposición, siendo el primer factor más determinante. El análisis  simultáneo de apoptosis  y 
necrosis demuestra que el principal tipo de muerte celular tras la inducción de la hipertermia 
es la necrosis, conduciendo a un incremento de  la  liberación  de  citoquinas  proinflamatorias  
al  medio.  La  selección  de  las  condiciones  de  tiempo y potencia de exposición permitirán 











showing  the  beneficial  role  of  silicon  for  bone  cell  growth  and  the  excellent  SiHA 
biocompatibility, which makes this material suitable for the repair of bone defects.   
2‐ Fibroblast growth factor 2 (FGF‐2) adsorbed on SiHA represents a promising alternative for 





4‐  Nanocrystalline  hydroxyapatites,  nano‐HA  and  nano‐SiHA,  decrease  macrophage 
proliferation and phagocitic activity, inducing proinflamatory cytokine synthesis (IL‐6 y TNF‐) 



















necrosis  reveals  that  necrosis  is  the  preferential  cell  death,  leading  to  an  increase  of 
proinflammatory cytokine release to the medium. By selecting the laser dosage and irradiation 
exposure  time  the cell death  type can be controlled, producing  less secondary effects  in  the 
affected area of the organism.   
The results of the current PhD Thesis allow us to know the specific cell responses to nano‐
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Los resultados obtenidos permiten conocer las
respuestas celulares específicas a nano-SiHA y nano-GO,
fundamentales para la posible aplicación biomédica de
estos materiales en patologías óseas como osteoporosis
y osteosarcoma, respectivamente.
